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Foreword

dﬂ-

»

In the past century, science has
not only changed qui conceptions
abott e wotld, it has changed it
self l-)glvan by an explosion of in _
formation, spacialtios in-science
have sprung up, inevitably giving
rise to subspecialties: But staying
abreast of new knowledge, even in
narrowly specialized areas, is be-
corming increasingly difficult. One
way to manage the cantinuing
flood ot new information may be to
create entities of intelligence. .

The proposed ool is the intelli:

- gent machine, a device that mimics
the expert's reasoning power and
can retain in retrievable form much
of the knowledge currently avail-

able to experts in a given specialty.- ,

Most systems of this type are still
immature. But some are alieddy
moving into the real world and
others will mak® the transition
within the next few years. As these¢
activities become re formalized,
a new branch of agmied science
will arise. Most likely it will be
called knowledge engineering.

What systems will be available?
Who will they help? How will they
work?

Many answers are contamed in
existing books and arjicles. But
technical publications™ttfer from
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the defect of ther virtues They are
too datailed, too exhaustive and,
most important, too focused on
singlb areas of rapidly expanding
disciplings To understand this new
bhranch of computer scienco, called
artificial intelligence (Al), itis nec-
essary to understand the founda-
tion, the l)roader base, on whlch it
rests.

This publication will pyesent a
general view of Al, the concepts
trom which it evolved, its current
abilities, and its promise for re-
search. The focus is on a commu-
nity of projects that use the
SUMEX-AIM (Stanford University
Medical Experimental Computer
for Artificial Intelligence in Meda-
cine) network.

SUMEX-AIM is a nattonally
shared computing resource de-
voted entirely to designing Al
applications for the biomedical sci-
ences. Itis funded by the NIH Divi--
sion of Rgsgarch Resources,
Biotechnolpgy Resourees Pro-
gram. Although SUMEX- AIN does
not include all Al projects directed -
toward medicipe and related re-
search In thiscountry, many of the
programs now using Al techniques
for medical decision-making were
developed using this facility,. .
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- Introduction{

Artificial .~ "

> -
‘\(i
' For contunies, phildsophets and compulers are only research ools,
linguists have grappled with tho machines programmed to do
.| "question of defining intelligence. things that would require intelli- !
| .Most have approached the issue gence it done by people. Dr. Mar- .«
by dgscribing the function of intelli- vin L. Minsky, artificial intelligence
+J@nta, or the way it appears in be- - (Al) researchar at the Massachu-
ayigr. An exact definjtion for this setts Institute pf Technology and
tepm® elusive. ' advisor for SUMEX-AIM, agrees.
As might be dxpected, machine He says artificial intelligence is the J
intelligence is*Bqually, if not more, science of making machines do
difficult to define. According to Dr. tKings that people need intelli
Margaret Boden in her book Artifi- gence to do.
- ’ clal Intelligence and Natural Man, Others take a somewhat differ-
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_intelligence.

"

ent view. Dr. Edward-Feigenbaum;,
principal investigator of SUMEX-
AIM, says the field is not primarily
oriented toward technology, but

“toward investigating the nature of

intelligence as information process-
ing, whether the intelligence is ex-
pressed by man or machine.

One point of emphasis in current \
Al research is to design computer
programs that capture the knowl-

_edge and reasoning processes of

highly intelligent specialists. The
practical goal of such work is to
make specialized expertise more
generally accessible. To do so, .
researchers are attempting to
understand how experts go about
acquiring and using knowledgé.
Principles of how knowledge ac-
crues and how it is retrieved in log-
ical sequéence are extracted. They .
are then programmed into the
computer.

Within the SUMEX-AIM system,
the reasoning processes of physi-
cians, chemists, and other biomed-
ical scientists are being analyzed.

. At present, the ability of most pro-

grams is limited and much less
flexible than the correspanding .
human intellect. In specialized .

Dr. Herbert A. Simon, SUMEX-AIM ~
advisor: sorfing out the recipe of

Py

areas ol medical diagnosis and
chemical structure analysis, some
programs ¢an already nval human
capdbllmes Still, many people are
skeptical of the computer’s poten-
tial. '
Nobel Prize winner Dr. Herbert
A. Simon, psychologist computes

L sCientist at Carnegie-Mellon Uni-

varsity and SUMEX-AIM advisor, is
convinced that this potential is
generally underrated. He says
human behavior is based on a
complex but definite set of laws. If
these lawg are discovered and re-
duced to computer software, Dr.
Siimon believes machine intelli-
gence comparable to man's will
become a certainty in specific
areas of expertisg.

To capture these higher level ¥
functions, Al researchers are de-
veloping a new approach. ltis
called symbolic computation, a set
of methods™y which abstractions
can be expressed and managed in
the computer to solve non-
mathematical problents. They em-
phasize manipulations of symbolic
rather than numericinformation,
and they yse largely informal or,
heuristic decision-making riles

7/

gamned from real-world expenence
When usad m AL heurnstios

focus the program’s attention gn

those parts of the problem that are
most critical and thase parts of the
knowledge base that are most rel-
evant. The result is that these pro-
grams.pursue a hne of reasoning,
rather than a sequence of arith-
metic steps.

Use of complex symbolic struc-
tures is necessary when construct-
ing computer applications for ¢
domains that cannot be well-
formulated in mathematical terms
-—either because they are not fully
understood, as in medical diag-
nosis, or because the underlying
conceplts are intrinsically non-
numerical. “"Seldom are there
equations, in the mathematical
sense, that relate mea’surementq
of body parameters to the diag-
nosis of disease,” says Mr.
Thomas Rindfleisch, director of the
SUMEX computing facility. “Rather,
the process of diagnosis is charac-
terized by a set of strategies hav-
ing to do with rules of experience
and judgmental knowledge.. These
rules govern the interpretation of
observations and guide decisions




about what other miormation g
needed to determine the disease
process mvolved ™

Forexample, INTERNIST, a
diagnostic computer program im
the SUMEX-AIM network, is fe
cused on the broadest of medical
Specialties—internal medicine It
analyzes patient cases by mimick-
ing the expert's reasoning process
"The method used by physicians to
arrive at diagnoses requires com
plex information processing which
bears litlle resemblance to the
statistical manipulations of most
computer-based systems,” says
Dr. Jack D. Myers, coprincipal in-
vastigator of the project at the Uni-
versity of Pittsburgh. “As a result,
the focus of resdarch in this field of
medical applications has shifted
during the past few years from
models of statistical inference to
those using the heuristics of artifi-
: cial intelligence.”
' “In final fornm; INTERNIST will
amplify intelligence,” Dr. Feigen-
baum says. It will supply expert
advice to the general practitionen.
and physician's assistant, ac-
celerating and improving their
work. AQ equally important out-

come ol research such as this at
SUMAX AIM s ehciting, organi/
g, and polishing a body of knowl
edge that rarely sees the hgiht ol
day,” he says “Itis the knowledge
that underlies the expertise of
practice, the knowledge that s
normally transmitted by a kind of
058mosIs process from master to
apprentice. That knowledge will
novbe codified, taught, used, and
critiqued.” In essence then, a key
goal ot artihcial intelligence 1e
search in the SUMEX-AIM com-
munity is to capture in computer
programts the knowledge and
problem-solving abilities of ex-
perts. After studying this process in
many specialized areps of exper-
tise, Mr. Rindfleisch says, it may ul-
timately be possible to capture in

\ computer programs something of

process of creativity and dis-
covery itself. Programs then would
possess the ability to detect pat-
terns that establish order from
chaos, to draw connections be-
tween seemingly unrelated ideas,
and to estéblish the principles tor |
solutions to new classes of ‘
problems.

Dr. Edward Feigenbaum, principal

\

investigator of SUMEX-AIM: “The

laws Bf expertise will
used, and critiqued.”
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Hlstory
of
Computing

Abacus

ENIAC———-
and Beyond

Boethius (left) and Pythagoras: a
fancitul battle between arithmetic

calculation and the abacus. .
) .

In the mullennium belore Chost?”
amid the great citios and con-
quests of Greece and Bome,
dreamers and theorists wore laying
the groundwork for today’s thinking
machines. Like seed crystals in a
supersaturated solution, these
visionaries diew from nature, as-
sembling conclusions from obset-
vations about the universe. Their
ettorts brought important advances
in mathematics, astronomy, and
medicine.

Much of the early work in for-
mulating the laws of mathematics
may appear to have little connec-
tion with the computer of today. Mut
each step forward in this elaborate
sciemce was indispensable to the
ultimate arrival of the computer.

Pythagoras, a 5th century B.C:
philosopher known as the founder
of Greek mathematics, was the
harbinger. He first described the
"mystical significance of numbers”
and established the relationship
between musical harmony and *
mathematics.

Perceiving in the skies a regu-
larity similar to that of music,
Pythagoras studied movements of
the heavenly bodies.' oras he

e Py

m LY 4

¢

called it, "the music of the

spheres ™ He became the fisst to
realize the impostance ot geomet
ric shape, which governs all naturg
from crystalline rock to the human
body. In s0 doing, Pythagoras set
the direction of mathematical
thought for centunies to come.
~,Mathemalics was soon regaided-
as exact. It became the corner-
stone ot all science. For centuries
scholars_beligved that its logic was
infallible. B in the 19th century
the first inklings of doubt surfaced.
Two mathematicians, one in Hun-
gary and the other in Russia, es-
tablished irrefutably that it was im-
possible to prove Euclid's postulate
of parallels, which states that no
more than one line parallel to a
given straight line can pass
through a given point. Alternate
theories sprang up, threatening to
scatter the focus of science. Math-
ematics, the mainstay of scientitic
certainty, was suddenly uncertain.
it there are two or more geomet-
ries, which is right?

After much thought and delibera-
tion, Jules Henri Poincaré, a 19th
ceptury philosopher and mathe-
matician, found the solutign. He
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answered simply that the question
s meaningless Poincard, do
scnbed as one of the most eminent
scrientiic thinkers of his genaration,
askad, "ls the meter more true
than the foot? Aro Cartesian coor
dinates false and polar coordinates
corract?” One geomotry cannot be

“more true than another, just more

convenient, he concluded.

Through his philosophy, Poln-
caré provided the flexibility necos-
sary for scienco to advance from
an age of scientitic compla(‘ency
Few realized thé significance of
Poincaré’s study of mathematical
truth. Even fewer guassed that, in
2 decades, absolutes of classical
science such as space, time, and
substance would.become approx-
imates, and the most respected as-
tronomer would agree that, if man
could look deep enough into
space, he would see the back of
his head.

But the human mind is capable
of much more than just abstraction.
Driven by the social pressures of

_war, business competition, and

#%0. labor-saving machines were
developed. The first mechanical
aid to calculation was the abacus.
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Schamatic of the Analytical Engine
<lasigned by Charles Babbage in the
19th century; & grand exercise in .
tutility. ’

-~

“The Phoontcian word ABAK,

the
nama of a flat slab coverod m sand
in which figures could be drawn,
provided the oot tor the | nghsh

word Durnng Greek and Homan
himes, thoe pnnuhv‘(kutm( Us Was a
flat wooden board with counters it
developed into the now tamiliar ar
rangemant of beads thrgaded on
wires o laid in groovos

With thenadvent ot anthmeoetic
signs in tho 15th century, the popu-
farity of the abacus began to
decline in Europe. John Ngpier
further reduced the labor of long -
multiplication and dvision with the
invention of logarithms Multiplica-
tion and division-were then facili-
tated by adding or subtracting the
“Iogs" of numbers.

Before this technique could be
widely used, accurate tables of
logs and antilogs had to be com- g
piled and printed. Despite valiant
efforts by mathematicians to make
these tables accurate, the
drudgery of figuring, printing, and

-copying the numbers led to errors.

Often, mistakes were handed
down from generation to genera-
tion as mathematicians built, all too
taithfully, on the wobbly shoulders
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of those who had gone betore

An alternative to the use of
mathematical tables was soon
doveloped  on analog device
known a4 the shde rulo, which
consists of twa numbered scalos
mounted side-by side in a manner
to permit shiding them easily back
and forth Whaereas the modern
digital computar counts, the analog
dovice measures quantitios. Tho
slide rule scale is arranged so that
numbeis fall at distances corre-
sponding to their logarithms. ts--
sentially, multiplication is accom-
plished by adding fwo lengths
together. Division is done by sub-
tracting two lengths.

. As wl(h all analog devices, the
accu:acy of slide rules is limited by
the accuracy of measurement.

" Their use did not solve the proplem
caused by incorrect tables, but
rather introduced a lack of precl-
sion. The solution, of course, was
to produce reliable tables.

In 1812 this thought occurred
to Charles Babbage and John
Herschel, two young mathemati-
cians, while they werg checking
logarithm tables for grirors'../\s re-
counted by Babbage in later writ-
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ings, he oxclaimad: "1 wish to God
that these calculations had beon”
executed by steam.” Herschel 1o
plied: "It is quitq possible.” And s0
occurred the idea that was to dom-
inate Babbage's hfe —elimination of
error through mechanized calcula-
tion.

Because his ideas were so ad-
vanced and his standards s0 high,
Babbage experiencod one disap-
pointment after another. In many
ways the 19th century inventot's
work belongs more to odr time
than to his own.

Babbage's first project, the Dif-
ference Engine, was to be a large,

complex adding machine deslgned
for compiling mathematical tables.
Unfortunately, the machine was ~
doomed to fail. The mechanical -
tolerances required for thena-
¢hine to work exceeded capabili-
lies of the time. The accuracy with
which gears could be cut was in-
adequate. Clocks, the nearest me-
- chanical cousins to the Difference
Enging, were still laboriously fitted
together by hand. -

Undaunted by this challenge,
Babbage designed new machine
tools. He hired and trained a tech-

Scientific American Hllustrates use of
the Hollerith Tabulator in the 1890

census: the era of data-processing
begins. .
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nical assistant But these prepara:

tions cost monoy add the mitial
sum provided by the Bitish Treas:
ury soon dwindled away tive
years after beginning the project,
Babbage was asking the govern-
ment for mote money His request
was granted. But agamn, the
amount was not -and could not

havo been---gnough.

Aftor alimbst a decade of w0lk
and some £35,000 of government
~and pearsonal monies. the project

N TI VTV LR L VAIT LT

wis apandoned. It completed, the
engine would hiave been temyak
ablo prece of work 2 tons of
brass. steol, and powter, cut to
tolerances nover botore attempted
JFmbittered by talure, Babbage,
aman of considerable wealth, hav-
ing nhented £100,000 from hic
father, devotaed much time and
meney 1o insulting and slandenng
ligureheads of the scientific and
political establishment whom, he
blamed for the engine's 1mlum But
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ho did not abandon his goal After
1833 Babbage elaborated on a
‘grgantic-idea” which he had firat
conceivod while working on the Dif
lerence Engine. If built, this mas -
sive dovico, dubbed the Analytical
t.ngino, would have been the first
general-purposea computing ma
chine.

Babbage's scheme contained,
for the first ime, most of the esson
tial teatures ot the inodern com-
puter An arithmetic unit called “the
mill” was designed to carry out ad-
dition, subtraction, multiplication,
and division.-A memory unit was to
have room for 1,000 numbers,

each 50 digits long—-a capacity
beyond technology until the ftirst
electronic computer appeared
a hundred years later.

Instructipns and data were to be
fod into the machine on punch,
cards, which had been invented in
. 1800 by Josbph Jacquard for use
with his autormatic loom. After cal-
culations were completed, resulting
numbers would be printed up to 29
digits.

The Analytical Engine was as
farsighted and intricate in design
as it was+4impossible to build. Once

The Great Brass Brain: predicting
tides accurately and olfrclontly in
1914.
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agam, Babbage's ambition hiad
transconded is time | ven with
today’'s technology the engine
wotld be difticult to construct be
cause of the mochanical toler -
ances requirod Still Babbage's ef
forts wero not (\Hoq(\thm in vain
His enthusiasm spread tO others,
notably Herman Hollernth, who de
signed tho first machine devoled to
data procossing

Hollorith's machine, whe( h used
punch cards, was the easy winner
in a contest \‘mqed by the U.S.
Census Offico to pick an efficient
system for tabulating the 1890
census. His device completed the
tast in half the time needed by his
competitors, whose entrics used
manual methods.

Data in the form of "yes” or "no”
answers were translated onto
punch cards, which were compiled
in a mac hme that electromechani-
cally senseod positions of holes. -
Cards passed under a set of _
brushes that transferred a pulse of
electricity through each hole to a
metal cyMpder.

Aftor forming the Tabulating Ma-

chine Company in 1896, which was *

one of several businesses thal

ey,

R LT

later formed 1IBM, Holletbith bt
machines for s;mlfng such eards,
companing one ty the other, and
printing data To includo moro In-
formation for busmess use, Hol-
lerith increased his punch cards to
tho size of the dollar bIll of his time,
which lator became an industry
standard

His inventions opened the door
to an era of compung machines,
ushered in by the first efticient
key-driven calculating machine.
Called a comptometaer, it was built .
by Dorr E. Felt trom a macaroni
box.

The rising popularity of calculat-
ing aids and machines in business
characterized a shift in attitude to-
ward the kind of work people coujd
or should do. Calculating machines
soon entered into head-on compe-
tition with people hired as "rapid

calculators” by businesses trying to 1.

keep pace with expanding mar-
kets. Besides the tedium associ-
ated with mental calculation, health
was also a consideration. Mental

calculators, as experts in the trade
warg called, often complained that
,thei%v

_ unending processions of figures .

enings were haunted by




shaped'like numbers.
William S. Burroughs, @ bank

-clerk, was forced to change

careers because the “monotonous
grind of clerical work” had de-
stroyed his health. At the turn ‘of
the genfury, Burroughs entered the
comptometer field and from his
early venture gréew one of today's
major manufacturers of digital
computers, Burroughs Corporation.

As the calculating maghines
gained acceptance, more and
more applications were found. One
called Millignaire, developed in
1893 and widely used ja business,
found immediate and key uses in
science. Percival Lowell began
using Millionaire in 1905 to search
for a “Planet X" located some-
where beyond Neptune. Calcula-
tions were completed in 1914, but
the planét, later named Pluto, was
not sighted until 1930, 14 years

_after Lowell's death.

At the same time that manufac-
turers were converting to mass
production techniques, Spanish in-
ventor Leonardo Torres y Quevedo
was demonstrating a theory that
heralded the oncoming age of the
programmed machine in industry.

Vannevar Bush and the 1930's différ-
ential analyzer: | was trying,to solve
such problems of electric circuitry as
the one connected with failures and
blackouts in power networks. | had
been thoroughly stuck because |
could not solve the tough equations

“the investigation led to.”

.

Torres combmed electromechani-
cal calculating techniques with
principles of automata, demonstiat-
ing that such machines ¢an per-
form any desired sequence of
arithmetic operations.

Torres' electromechanical
A[ithometer, cxhibited in 1920,
realized theories of automata that
he had pioneered 7 years eailier.
Arithmetic problems were typed in
by the*operatd, and the Arithome-
ter printed the answers on a type-
writer, Torres became the first per-
son to use a system of time-
sharing when he linked sgveral
typewriters to one Arithometer.

One of his other inventions was
a remote-controlled guidance sys-
tem that successfully steered a
boat through Spain’s Bilbap harbor,
dramatizing the fact that machines
could perform tasks formerly re-
served for human intelligence. Tor-

. res later built the first decision-
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making device<-a chess-playing
machine that matched a rook and
king against a human opponent’s
king.

In 1914 Scientific American an-

] . nounced the arrival of "a great

brass brain” which computed

- T RaFh? elvy
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ocean tides on the basis of 37 fac-
tors, displaying the resualts on digle
During the first World War, ships
used irformation from the machine
to maneuver into shallow water-
and elude German U-boats.

After World War \I, Vannevar
Bush of the Massachusetts Insti-
tute of Technology invented the dif-
lerential analyzer, an analog device
assembled from gears, cams, and
differentials that mec¢hanically
completed the various functions
necessary to solve a differential
equation. Bush's machine was

applied to many different tasks, re-

placing devices such as “network
analyzers” built by utility com-
panies in the 1920's to analyze
load requirements. These ma-
chines produced scale models of
power networks, but they could not
predict large power surges that
might cause blackouts. The differ-
ential analyzerwwas the first ma-
chine with such a capability. Its
success seemed to indicate that
big, general-purpose analog com-
puters would dominate sdientific
calculation in the future. -

In the 1930’'s servomecha-

nismseautomatic devices that
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controlled other machines by
monitoring their output -came into
use. Oil retineries and syrup-
production plants were among the
tnstto use these "machines that |
boss other machines.” As contiol

problems were retiuced, more and -

more applications were found for
the servomechanisms. Steam tur-
bines, airplanes, and chemical
processps were soon included in
the domain of the new device.

As machines surprised society
with newfound abilities, their
creators took to flights of fancy,
building'robots in exaggerated
human forms. Inventors built tin-
can contraptions that walked,
tatked, and responded to me-
chanical commands. The robots'
lifelike actions were an elaborate
illusion, &s they were controlled by
simple automatic devices or, re-
motely, By human operators. As
such, they were no more than
novelties, commonly used in prod-
uct and company promotions or
fairs. .

Willie Vocalite, built by Westing-

thquse in 1931, was one of these.
Willie had a stovepipe head, ex-
pressionless face, and cauliflower

A

"Elektro and Sparko en route to the
1939 New York-World's Fair: tin-can
cont\rapﬁoﬁs that walked, talked,
and rgsponded to mechanical
commands. -

B.

ENIAC, the world's first electronic
computer, begins operation in 1946:
an unwieldy collection of vacuum
tubes and relays that could only be
programmed by manually changing

plug-and-socket connections and by -

setling switches.
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cars At the maugurabion of pas
senger air service between Now
York and San Francisco, Willie
made a speech, wished everyone
bon voyage, helped start the en-
gines, and after his ofthcial duties
were completed, relaxed with a
cigarette in the company of a
lovely mode! hired for the occa®
sion.

Light years later, Willie's metal
cousin, Elektio, a stocky, tough-
tooking robot, appeared at the New
York World's Fair with&Ns faithful
companion Sparko, the first robot
dog. Elektro walked, talked,
counted on his fingers, puffed ciga-
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rettes, and could distinguish be
tween red and green with the aid of
a photoelectiic cell, Sparko barked,
wagged his tail, sal up, and
begged.

In tho lato thirtidy, engineérs
turned their collective genius to
problems raised by the second
coming ot world war. The U.S.
Army set out to improve differential

nalyzers used at Maryland's
berdeen Proving Grounds to cal-
culate firing tables for artillery bat-

- teries. Modifications increased

speed and accuracy by a factor of
80, allowing the machinete pro-
duce one trajectory every 15 mip-
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utes as compared to the 20 hours
necded by a skilled mathematican.
But the machine was linnted by its
design to processing ditferential
equations: it could only calculate
tho tunctions of vectors.

“Therg exist problems beyond
our ability to solve, not because of
theoretigal difficulties, but becausogy
ol insuthicient means of mechanical
computation,” Howard H. Aiken
said of the analyzer in 1937. He
then proposed a riew kind of cal-
culating maching.

In 1938 IBM began building a
forerunner of the device for Har-
vard University. It was called the
Automatic Sequence Controlled
Calculator (ASCC). After its com-
pletion in 1944, the ASCC,
nicknamed Mark 1, became the
first automatic, genéral-purpose
digital calculator.

Mechanical switches called re-
lays routed electrical signals in the
ASCC. During its 15 years of use,
ASCC ptoved to be a reliable and
effective machine, but its more
than three-quarters-of-a-million
parts and 500 miles of wiring made
maintenance expensive and diffi-
cult.

The calculator was mainly used
by the U S Navy for balhsties and
ship design Scienve and industry
later used the machme to generate
astionomical tables and speaifi-
cations for lens design It was also
used in military studies at Wiight
Patterson Air Force Base and in
research for the Atomic t nergy
Commission.

A year before ASCC whs fin-
ishgd, John Mauchly and J. Pres-
per Eckert, Jr, of the University of
Pehnsylvania, proposed the next
logical step in mechanized calcula-
tion. First described as an eloc-
tronic difference analyzer, the
scientists predicted their new cal-
culator would execute all functions
in computing firing tables, produc-
ing each complete table in only 2

days. The device promised to get

around a major failing of the ditfer-
ential analyzer by allowing input of |
such data as atmospheric resist-
ance defined by numbers rather
than by mathematical formulae.
Built in secrecy at the University
of Pennsylvania, the new device,
which ultimately became known as
ENIAC (Electronic Numericakinte-
grator and Calculator), was moved
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to tho Balbstics Hosearch Labora
tones R

People were necessary to gen
erate fimng tables on Bush's difter

cental analyzer, and the human role

slowed production Completion of
one table, on the average, togk 2
or 3 months.

With the new machine, lengthy
and repetitive galculations for each
60-second trajectory could be
completed in just 30 seconds. But
ENIAC was not completed until
1946, and the huge device, com-
posed of some 18,000 vacuum
tubes and 1,500 relays, was never
used for ballistic computations. It
did find wide-ranging applications
in scientific calculation, however.
Until the early 1950's ENIAC dab-
bled in weather prediction, atomic
energy research, cosmic ray
studies, and thermal ignition/

Germany may have entered the .

field of electronic tomputers ahead
of America, although little is known
about the true dimensions or oper-

tion of these machines.. The most
stlccessful version, Z4, was de-
stroyed in an Allied bombing raid.
Designed by Konrad Zuse and built
at the Gerghan Aircraft Research
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\\lnshtule, Z4 was used in develop-

ing the HG 293, a flying bomb
launched from Navi arrcraft.

At the war's end, Zuse could not
convince Allied interrogators that
he had any scientific expertise to
otter, and his research came to a
sudden stop. Not until the midfifties
did he resume his work, this time
as owner of a computer man-
ufacturing\company, which was
later absorbed by a large German
electronics firm.

As technology flourished during
the 1940's, a major breakthrough in
the burgeoning field of computer
science occurred. Alth_ough the;
exact source of the concept is
uncer tain—John von Neumann,
Mauchly, Eckert, or British mathe-
matician Alan M. Turing--it was -
suggested that instructions could
be stored as numbers in the ma-
chine itselt. The idea raised the
mechanized kingdom several
rungs on its evolutienary ladder.
For the first time, logical choices of
program sequences would be
made inside a machine.

Earlier, programming ENIAC and
Z4 had been extremely tedious: in
ENIAC by changing plug-and-

A tehoe t LY
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socket connections and by setting
switches; in Z4 by instructions
punched into discarded 35mm
movie him. The concept of
software programming provided
the basis for the next generation of
computers. .

The first machine with a com-
pletely “logical design,” which von
Neumann described at the time of
ENIAC's construction, was to be
called EDVAC (Electronic Discreto
Variable Automatic Computer).
While EDVAC was still under con-
struction in 1948, ENIAC, after
special wiring modifications, be-
came the first computer to embody
the stored-program concept. Uc;lng
ENIAC's new capabilities, von
Neumann and several
meteorologists completed the first
computer-based weather forecast.
Computations for the hydrogen
bomb were begun on ENIAC and
comple d on its successor MANI-
AC (Mathematlcal Anjlyzer

" Numerical Integrator and Com-

puter). MANIAC was one of many
stered-program computers that fol-

" lowed in the wake of the new pro-

gramming concept, although each
differed considerably in design.

\

FDVAC, E DSAC, JOHNNIAC
{which was named for von
Neuamann), SEAC, SWAC, and
NORC were the tust few to appoar.

As computers became increas-
mgly powetful, these machines
moved into néw areas. In his book
Cybernetics, Norbert Wiener ex-
plored the potontial uses of au-
tomata. In 1948 W. Grey Walter en-

. et
tered the fioldof cybernetics (the
comparative study of automatic’
control systems) with an elec-
tromechanical “tortoise” built to
study simple reflex motion. “These
machines are perhaps the simplest
that can be said to resemble ani-
mals,” Walter wrote, “Crude though _
they are, they give an eerie im-
pression of purposefulness,inde-
pendence, and spontanelty.”

Von Neumarmn, decidedly a
“software scientist,” hoped to use
automatic machines such as the
modern computer to draw conclu-
sians.about complex natural or-
gantsms. He built on the idea of
the Universal Turing Machine, ad-
vanced by Turing in 1936. Turing
described, in theory, a machine
that could dogny calculation within
tha kealm of Miman intellect. The

»

A moders integrated circuit: putting
40-times the memory of ENIACona .
chip the size of an aspirin. '
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Universal Turing Machine, which
contains ideas later built mto alk
general computing) machines, pro-
vides a standard tor measuning the
complexity of a computer.

Around 1950 the computer
emerged as g general lool. It hgd
become applicable not only to mili-,
dary use, but also to functions in "%
government, industiy, commerce,
science, education, and social sci-
ence. The computer’'s spectacular
growth in capability, applications,
and numbers surprised most
people. In 1954, using cathbde ray

tubes and magnetic drams torin
formation storage and vacuum
tubes tor lpgic and anthmetic func
hons, oxpN i the hield had est
mated that only some 50 com
panios would eventually find use
for computers.

Butiwith the development in the
late fifties of ¢ omputer languages,
which simphfied programnung, and
with the introduction of integrated
circuits in the midsixties, compres-
sing the equivalent of 1,400 tran-
sistors, resistors; and diodes onto
silicon chips an eightheof an inch

square, the hd restianing widae
spread apphcation of computers
blew ot Private business began
tntig computers Lo process ordoers,
mventories, and payrolls. Com-
puters set copy tor newspapers
and processed checks {1 banks.
Arrlines used computers to make
and record seat 1eservations.

Even in medicine, an aiea hest
charagterized as inexact and highly
subjective, computers. fitted into
very specific and important niches.
Applications have included such
areas as electrocardiogram analy-
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sis systems, aids for managing

chimcal routines, and instrumont
data collection. Statistical cluster-
ing techniques were applied to
diagnostic programs and wore one
of the first diagnostic approaches
to prove useful in medicine.

Just as these new methods of
numerical calculation'were being
tested, the first inklings of a new

approach to computing were intro- -

duced. - The first application of this

- approach-—symbolic computing—

was the establishment of data
banks stocked with patient informa-
tion. It was an application of sym-.
bols to algorithms, matching
names to numbers, and it carried
along the guarantee that if
pattern-matching was properly
applied, the answers would be
found.

But medical diaghosis, on the
same level as practiced by the
physician, required much more in
the way of programming tech-
niques. To grapple successfully
with the problem, prototypes of
high level analysis and symbolic
representation were developed.
Many of these resulted from early
work in applying artificial intelli- .

 “All these dohys—-a thounndth of

' darn th!ng ﬂxed "

gence (Al) to biomedigal problems
At Stanford University, under the
direction of Nobel Pnize winner Di
Joshua Ledesberg and Dr b dwaed
Feigenbaum, a team of scientists
began the development in 1966 of
DENDRAL, a chemistry program
whose olfspring now rivals experts
in figuring out the structures of cor-
tain organic molecules. DENDRAL
was the unlikely outgrowth of a
system cilled the Advanced Com-
puter for Madical Research
(ACME), which had been sup-
ported by the Biotechnology Re-
sources Program (BRP) of the NIH
Division of Research Resources
(DRRY) since 1965. Originally
AGME was dedicated to real-time
analysis of data gained during
biological and clinical research.
The computer was oriented entirely
toward numerical calculation, or
batch processing of biomedical re-

- -search data.

By the midsixties, pr|nctpal in-
vestigator Dr. Lederberg believed
that ACME had proved its worth as
a data analyzer. At the urging of Dr.
Feigenbaum, he proposed tj)at the
system host a new type of cCom-
puter science application, artificial

a second here, a millionth of a
second there—we'll have to gat the

intethgence

The fust attempts to use ACME
for Al were undertaken at Stanford,
and DENDRAL was the fist Mayor
eflort In the beginming the ma
chine’s size and speed woie suffi-
cient. But as DENDRAL grew, and
other research was added, more
and more computing time and
memory space wero required. By
the carly 1970's, Stanford's Al
needs completely outstripped the
machine's capacity and DENDRAL
appeared to be doomed.

During this period Dr. William

" Baker of the BRR arrived for a site

visit. In light of AQME's inadequate
capacity and the interest in Al at
Stanford and elsewhere around the
nation, Dr. Baker suggested that
ACME be dropped in favor of a
system devoted to the develop-
ment of this new type of comput- -
ing. Stanford applied for a grant,
another site visit was made, and
the National Advisory Research
Resources Council of the NIH rec-
ommended funding. A machine
designed to handle symbolic com-
putation was installed and, through
the use of a nationwide communi-
cations network called ARPANET,

__.vwht.n!sfwma.@
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* a natiomal computer community

| was estabiished. Anadvisory
group, Drs. Ledgrberg. Feigen-
baum, and Baker, recommended
that 40 percent of the computer’s
capacity be made available to
Stanford researchers, another 40
percent spread among the national
tommunity, and the remainder as-
signed to development of the new
system.

In 1973 SUMEX-AIM was formed
as a community resource for the
development of Al techniques.
From fts inception, the resource
has Yeen supported by the NIH
Diviéion of Research Resources'

Bigtechnology Besources Pro-

- gram. Drs. Led%berg and Feigen-
aum directed the network that
‘was to become a major medium for

the development of projects like
DENDRAL among a national group
of biomedical researchers. In mid-
1978 Dr. Lederberg left to become
president of The Rockefeller Uni-
versity. He remains an advisor of
SUMEX-AIM. Dr. Feigenbaum is
now principal investigator of the
resource, which currently includes
some 20 autonomous projects, .
each targeted for application
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in medicing, bhochemistry, of
puycholoygy

Today's Al experts believe that
computers will find many non-
profossional and small business
applications as the potentials of the
field become better understood.

- Home computers may someday

regulate heating and cooling sys-
tems, notify fire or police depart-
ments in emergencies, and do tax
statements, among other chores.
At work, letters will be typed, or-
ders placed, bills paid, and files
searchred by computer. At neigh-
borhood shopping centers, payroll
records will be maintained and
stock automatically reordered ac-
cording to need and profitability.
Some scientists characterize this
revolution as a race to put more
and more function, processing
ppwer, and storage capacity onto
each semiconductor chip. Since
the midsixties, the amount of func-
tion on a chip has risen by a factor
of 10,000. The cost of a chip,
meanwhile, has remained approx-
imately constant at $5 to $50. .
By the end of the century, com-
puter buffs predict, this trend of
broadening applications will be in

)

i

~.
- ®

-~

\

full stride, as wwa tréond toward
mintaturizabon, tch made com
puting availablo to the general puib-
lic. A single silicon chip, measuring
only a few millimeters square, will
be able to follow 20 million ingtruc-
tions per second, using 10 million
cells of internal memoty storage.

And just as imagination and
hardware have gone hand in hand
since the early 1900's, sclentists
predict that programming tech-
niques and the science ({ software
will keep pace with developing
technology.

wrm

»

PO ¥

9




Processes

%mputmg

The
Heuristic
Mind
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i .
computer has graduated friom

_ of the late forties, to the “thinking”

“
In the course of 30 years the

vacuum tubes and mechamical 1o
lays to sthcon chips, each one no
larger than a poncil eraser. But the
transition from ENIAC, one of the
first electronic number-crunchers

machineg of today required moro
than advances in hardware. It re-
Quired advances irgrogramming
/concepts.

Over the last few decades, thero
as been an increasing emphasis
on the design of knowledge-bassed
systems. At the lowest level, these

programs differ from traditional
programs in two key ways. They
emphasize manipulations of sym-
bolic rather than numeric informa-
tion, and they use largely informal
or heuristic decision-making rules
gained from real-world experience
rather than mathematically proved
algorithms. At a higher level, these
tools of symbolic processing are =~
used to construct understandable
lines of reasoning in solving prob-
lems and to interact with.human

users.
Symbohc computanon iS neces-
sary in certain domains, such as

medicat diagnosis, because com
prehensive mathematcal formula
tions do not exist. b or example, the
relationship ot a symptom - guch
as "burning pain in the upper
abdomen” —to disecase diagnosis
require$ the manipulation of sym-
bolic information.

Projects currently in SUMEX-

"AlIM include areas of medicine,

biochemistry, and psychology The
key goal ot an Al program is o ex-
plain conclusions and allow the
professional to interact in the deci-
sion process.

As a result, Al programs depend
largely on decision-making strate-
gies composed of heuristics, or
rules based on judgment and ex-
perience, which are expressed
symbolically. These strategies
starkly contrast with numeric com-
putation, which is largely
gorithmic, following a m
matically fixed s rocedures
when evaluating functions or
tabulating results. However, the
two classes of computation are not
totally dissimilar.

Clinical flowcharts are al-
gorithms used by diagnosticians
when deciding how best to man-
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age a patient. Oten these fixed
procedures are designed by expert
physicians for use by paramedics
charged with performing certain
routine tasks. As suoh, data are
represented symbolically. Because
clinical algorithms are relatively
simple, computers are seldom
necessary.

But automated record-keeping
and data bariks, more intricate
examples of the clinical algorithm,
require the computer. In thase sys-
tems, patient names and histories
and other relevant information are
manipulated as symbols, and are
conn to numeric data that
give specifigyvalues to the
information—for example, patient
age: 21. Pattern-matching al-
gorithms can be used to locate
records of similar individuals or
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groups of patients to produce
statistical sumunaries.

Although the carhiast systems
seldom did morg than maintain
records, there have been recent at-
tempts to create programs that can
complement this function by ana-
lyzing the storad information.
ARAMIS (American Rheumatolqgy
Association Medical Information
System) is one of the most suc-
cessful projects in this category. In
addition to search and statistical
funcyons, the data bank offers
analysis of prognosis as it relates
to'a specific type of patient. Pro-
grams systematically search the
data base to locate case reports
and summarize the outcomes of
various alternative treatments,
matching recorded case histories
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.physician in evaluating the best

- with descriptions of current pa- .~ ~ I

. temic lupus erythematosus,

* criteria study, JRA =juvenile

tionts. In systeps such as this, the
analysis of alternatives and the de-
cisiggy about the bost therapy ate
solbly up to the physician. -

More complex decision making
programs attempt to assist the -

treatment strategy. The decision
criteria used in such programs take
various forms. Some decision ‘rules
may have rigorous statistical jus-
tification, while others may be only
approximate sules based on
human experience and judgment. /
These latter strategies are called
heuristics. Each type can be effec-
tive in providing solutions to prob
lems. -
In statistical approaches to diag-
noses, the decision criteria have

[y

The ARAMIS data hank: meeting
needs in the study and pracflco of .
rheumatology (Abbreviations: Al =ar--
tificial intelligence, ARA=American
Rheumatism Associlation, -
CCC:=cooperating clinical trials >
compittee of the ARA, SLE ==sys-

SCCS =scleroderma cooperative

rheumatoid arthritis, Canadian RA =
Canadian Rheumatism Assoctation,
UDB =uniform data base for rheu- .
matic disease, FDA=Food and Drug
Administration, VA=Veterans Admln-
istration.) .
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been codified to a certain degree.
Baye's theory of probability is one
example. Fgsentially, Bayesian
analysts relates specific patiet
data to different disease signs ex-
hibited by selected groups of pa-
tients. In establishing these rela-
tionships, it is sometimes possible
to compute the most likely cause
for symptoms observet in a pa-
tient.

One of the earligst such pro-
grams, -developed in the 1960's,
was used to diagngse congenital
heart disgase. In some case
studies, the program reached
diagnoses with accuracy compara-
ble to those rendered by two expe-
rienced physicians. As researchers
honed and polished the program,
applications for other disease
areas were discovered. Today
many types of diagnostic brograms
using Bayesian analysis are in op-
eration. But Bayes' theory is just
one of several techniques used in
medical decision analysis. '

Another displays sequences off
steps representing various possi-
ble actions and events. Sequences
of this type resemble tree-shaped
networks. Nbdes or junctions in the

1

tice are of two kindg. At decision
nodes, the clinician chooses hom a
set of possible actions. One acton
might be deciding to pertorm a cer
tain test. At chance nodes, the
possible responses of the patient’
to some action that ha§boen taken
aro represented. When performing
a diagnostic test, the patient's !
response—whether he dovelops
complications, for example---is a
matter of statistical likelihood. By
using the decision trew, a clinician

can come to a more informed con- °

clusion about the range of alterng-
tive strategies.

Moditying the tree by attaching
patient-oriented values to decision
nodes makes the simulation more
realistic. For exampld, a definitive
diagnosis might not be pursued if
the required tests were expensive
and painful, if the health of the pa-
tient were not threatened by this
inaction, and if rendering a defini-
tive diagnosis would not signifi-
cantly improve his heaith.

The effort to develog\ these ap-
plications into programg using arti-
ficial intelligence beganin the early
1970's. The intent was to focus

primarily on the use ot symbolic

N L S IR KRN
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reasoning techniques. The objec-
tives have been to capture the
judgmental or heuristic knowledqge
ot experts for decision-making, and
to construct reasoned and explain-
ahle solutions for diagnostic prob-
lems. Generally the logic built into
these prograris is composed of six
major elemerigs. . .

. Plan-Genek*ute-and-Test. In this
framework, "he program uses
heuristics t§select the general
area in whigh the answer is likely
to be found: Jt generates plausi-
ble solutiont within these boun-
daries, and; Ppsts conclusions

_ against obsjrved data, appro-
priately reviing conclusions until
one that be' } fits the data is un-

_ covered.

. Doméln-S&ciﬂc‘Knowledge.

Much of thd power that
decision-mgking programs hold
is derived ff pm specific rules and
knowledge:about the target area
of applicatig;\. Such knowledge
bases encgtie factual informa- -
tion about &e domain and the
heuristic riffes used by experts
to rapidly fird solutions to prob-
lems. b
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e Flexible Knowledge Base. Il
chosen properly, the knowledge
base is small enough to b han-

-~ dled adequately by the com-
puter, but large enough to be
meaningful to the prospective
user. Once the basic program is
mating, knowledge can be

d, removed, or changed by
using an explicit and flexible en-
coding of the knowledge.

e Line-of-Reasoning. Specialists
' in the target area of an applica-
tion must be able to feHow the
logic used by the program when

it generates conclusiong. Al-
though not strictly necessary,
specialists should also agree
with the route chosen. To ac-
complish these goals, computer
scientists in SUMEX-AIM team
up with experts in target fields to
learn the meghanics of reason-
ing. Human logic is then trans-
lated into computer language in
the form of symbolic rules.

e Multiple Sources of Knowl-

- edge. Often several practitioners
lend their expertise to the design
of Al programs. Textbook knowl-

__.edgeis usually incorporated as
NHaving access to knowl-

\,

\
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cdge u:pmsﬁenling varied pomts
of view can speed the process of
locating a solution and reduce
the chance of overlooking altet -
native sQlutions.

e Explanation. The program must
be able to explain the lino of
1easoning thatjed to its conclu-
sions. If not, the user cannot
understand the basis for the
program’s conclusions. Also,
thrqugh the explanatory function,
flaws’in the program's logic can
be located and fixed without ex-

tensive study.

Over the last decade, computer
scientists have used these ele-

ments 1o build many types of pro- ~

grams. Somaé include the ability to
learn. Others emulate crjativity.

Those in the SUMEX-AlWnetwork -

are devoted to expert problem-

- solving in medicine, biochemistry,

or psychology.
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A typical strategy in some Al e
search s to choaose a problem that
is lightly focused and easy to con
coptualze, such as a game This
approach offers cortain advan
tages, most notably that ydeas can
be tested with minimal expense of

time and monoey

Those games are called toy
problems because they serve no
practidal use An example is the
missionaries’ dilemma, a puzzle in
which three missionaries want to
cross a (iver, but their efforts are
stymied by an equal number of

cannibals. A boat that holds as

many as two people is available,

but the missionaries must never be -

outnumbered, or they will become
the main course of that evening's
cookouit.

Projects in SUMEX-AIM gen-
erally shun toy problems. “Their
use leads to sterility in that you
quickly figure out the solution, but
are not faced with the additional

-challenges that a messy world pro-

vides," Dr. Feigenbaum says. “We
seek our inspiration from programs
directed at diagnosing diséase or
assisting biologists in planning
DNA manipulation experiments,

-

becanse these problems, e
open-ended and nehc”

The key to designing a succes,
tul Al project, he says, 15 1o pick a
problem hmited enocugh to be con

L quered, but not so simple that the

program designed to solve it can
not be expanded into a practical
tool. Most ot the time, projects in
SUME X-AIM arg rastricted to a
subseoction of an intended area of
application. When that segment is
adequately covered, boundanes
are carelully extended.

An equally important criterion
calls for an association between
the project and at least one expert
from the target field of application.
The collaboration must be a dedi-
cated one, according to Dr.
Feigenbaum. “You cannot have the
kind of inspirational meeting of
minds needed for a project to suc-
ceed if the specialist and pro-
grammer meet every once in a
while,” he says. "It takes a
quarter-time to half-time effort by
the expert that stretches over a
number of years.”

The seed from which SUMEX-
AIM grew embodies this type of

collaboration. Known as DEN-
. _

A
‘The missionarieg’ dilemma: use of
such toy probtéms in Al research is

not productill®.

B. .
A technician in the Stanford mass
spectrometry laboratory: generating
data for use jp«DENDRAL.
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DAL it began in 1966 when I
f eigenbaum told D doshua’
[ ederberg, then chairman of the
Stanlord genetics department,
about his interest in modeling sci-
entitic thought with Al techniques
Chenustry was chosen as tho
tafget held for two major reasons.
First, much knowledge in the field
alieady existed in machine-
readable form. Second, chemistry
was tho field in which Dr. Loder-
berg was expert. When the project
grew in scope, Dr. Cart Djerassi,
Stanford professor of organic
chemistry, was rocruited.

Applying Al to scienco was inovi-
table, according to Dr. Feigen-
baum. "As the computer grew in
power and the cost of its use de-
creased, more and more spe-
cialties looked to the computer for
assistance in Information process-
ing,” he says. "But very few spe-
cialties in medicine and other fields
of science could be modelad by
formulas and calculations, which
are the traditional means of exploit-
ing the computer.”

Programs of this type must em-
ploy processes similar to those
present in human reasoning and,

: ;"?\'?
3 AR NNERLS
AL

therefore. must bo oxpressed
symboheally, Db eigenbaum way:s
lo achipve this tis necessary to
develop techniques by which sym
bols can be represented and
manipulated But when DE NDRAI
was concewved some 1h years aqo,
arthicial intolligence was truly a
fledgling discipling.

Biochemistry
DENDRAL -

The project was initially begun
as a prototype to demonstiate that
computerized symbolic reasoning
could be successtully applied to
molecular structure prabtems in
chemistry. The program tustiars
woll the evolution of Al work.

In solving problems, DENDRAL
uses instrument data from a mass
spectiometer (MS) and a nuclear
magnetic resonance (NMR) Spec-
trometer, together with other con-
straints on structural features in the
molecute. Those constratits de-
scribe configurations of atoms and
provide limits within which the an;
swers, structural candidates for an
unknown compound, must fit. Such
constraints eliminate the produc-
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ton of undenned soberactr e
which, basoed on chemie al o
energetic grounds, are implavsible

s Lederberg and Poigenbaum
quicklysoalized the power provided
by supplying several sourcos of
knowledge when analy 7ing
molocular strugtures livan eaily
caso run on DI NDRAL, con-
stramnts based on organic chemis
try principles alone would have
admutted 1 25 million plausible
candidate structures 10r a single
compound under study. The scien-
tists rosponded by adding informa-
tion from proton NMR analyses,
from which the program could infer
a few additional constraints. "The
set of plausible candidates was
then reduced to one—the right
structure!” Dr. Felgenbaum recalls.
“This was not an isolated result but |
showed up dozens of times in sub-
sequent analyses.”

The original DENDRAL program
was restricted to a small number of
molecular familigs for which the
program had been giveh a special- .,
ist's knowledge, "namely the
families of interest to our chemist-
collaborators,” Dr. Feigenbaum
says. "Within these areas, DEN-
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DRALS performance was usually
not only much faster but also moroe
accurato than expert human por
formance ” .

U Bruce Buchanan, a member
of the DENDHAL team, explains
the goneral approach of DEN-
DRAL "There are three phases —
plan, generato, and test,” he says
“In approaching a problem, DEN-
DRAL makes some rough guessos
as to what tha solution should look
ke, Thatis the planning phase.
The geoneration phase works within
the ostablished constraints of the
plan to develop plausible solutions.

. Finally, each plausible solution is
tasted.” '

Testing is accomplished in two
steps, which follow a "model-driven
strategy.” First, the computer gen-
erates sets of instrument data that
would be expected to describe
each candidate structure. These
sets are then compared to actual
data about the compound. The
closest fits are retained and ranked
accordingly. Having enough knowl-
edge about the characteristics of a
cortain type of compound to do
model-driven analysis drastically
reduces the amount of data that

must be examined, since the data
are usod mamly to verly possible
answers

DENDRAL's primary iimigation
was its testriction to only a small
wubsot of orgamce molacules, tho
saturated, abphatic, monotunc.
tional compounds. Work carriod
out atter DENDRALs early suc- .
coss has tocused on the
structure-goneration aspects of the

_plan, gonerate, and test paradigm

From this paradigm, the structure
generator, called CONGEN for
CONstrained structure GENera- -
tion, has been extracted. CONGEN
is the sogment of the main pro-

-gram that is not closely tied to spe-

cific instrumental data and is,
tharofore, of greatost use.
“Chemists have many sources of
data for both planning and testing,
so the use of DENDRAL as a
whole, which would restrict them to
NMR and mass spactral data,
would be a hindrance,” Dr. Bu-
chanan says. "That is why, in the

last 3 years, almost all the effort on |

th® project has gone into devélop-

~ing CONGEN, since it has the

widest possible applicability.”
Now under the direction of Stan-

tord chemists Dis Cand Dyorassy
and Dennis Snuth, the DENDRAL
project has evolved into one of the
boest known and most succossful
apphications of artiticial intolli-
genco Thae CONGEN program and
rolatod subprograms aid (?f\olnist:;
in otermining the molecular struc-
ture of unknown organic com-
pounds. Because the molecular
structure-vt a compound must be
known before its other properties

" can be studied—properties related

to pharmacology or toxicology, for
example—DENDRAL promises an
important contribution to biomedi-
cine. Some investigators have al-
ready capitalized on this offer.
During’'the past 5 years the
CONGEN program has been used
successfully by chemists working
on biomedical problems at Stan-
ford and other institutions. About
two dozen scientists use the pro-
gram each year when solving
questions about the structures of
compounds. Investigator affiliations
are split about 50-50 between uni--
versities and private industry. The
program has been exported to
several laboratories in the United
States. The British government is

RN




now supporting work at the Uni-
versity of Edinburgh aimed at link- WCONGEN
ing industrial researchers in the Y
_United Kingdom with CONGEN. A
“copy of the program now runs on GENERATE IMBED PRUNE DRAW DEFINF FIX SHOW
. the Edinburgh computer. A col- FORGET SFARCH SAVE RESTORE EXIT SURVEY STEREO
. league at the Australian National
Research Organization is also
spearheading an effort to make
CONGEN available in that country.
" More recent rasearch efforts ATOM SUBSTRUCTURE AROMATICS MOLFORM TERMIYPL
have been directed to extending DEFINITION TYPE: MOLFORM
CONGEN's representation of struc- T
ture even further. The program will =~ JEECURACREUIR UL U EEE
soon include principles of molecu- A CLIST OF ATOM NAMMES AND QUANTITIFS (ONES MAY BF OMITTED), SEPARATED
lar stereochemistry, or three- BY BLANKS OR COMMAS (E.G., ¢ 4 H 5 RR) S '
dimensional representation of MOLECU'AR FORMULAZ ¢ 1% H 26 ©
*structures. Stereochemistry is ab- T
_ solutely essential in understanding MOLECULAR FORMULA DEFINED
structures and interattions of .
;malecules in chemical and bio-
"chemical systems, Dr. Smith ex-
-plains. This hew work is pointed

PDEFIND

NEFINITION TYPE:

LI I A A S A N L NN I NI I BN S SR S

177 STRUCTURES WERL GENFRATED

TR L

toward a system of computer- g 22 CHE m o m Cprmm e Y 0
based planning and testing which '

incofporates chemical and spec- i
troscopic data from several differ- !
‘ent techniques. : , ;

’a:;f

As the forerunner of Al's shift to

- knowledge-based.analysis, DEN-
DRAL holds a special place in

‘computer history. It demonstrated

CONGEN printout; currently one of
the most successful applications of
artificial intelligence, this program

. helps chemists determine the
molecular structure of, organlc com-
pounds.

il




the superiority of domz\‘ln-spocih(:
knowledge as a means to achieve
export performance and in so -
doing raised important issues
concerning knowledge representa-
tion, acquisition, and use.

But, more important than its ob-
vious contributions, the program
demonstrated that Al concepts and
programming techniques were ad-
vanced enough to produce useful
tools, although each could deal
with only one limited specialty. This
example of competence, according
to Dr. Feigenbaum, vastly im-
proved the credibility of Al and
paved the way for other such sys-
tems. “For us, the DENDRAL sys-
tem has been a fountain of ideas,
many of which have found their
way into our other projects,” Dr.
Feigenbaum says.

Meta-DENDRAL

_The projectin SUMEX-AIM most
closely associated with DENDRAL,
as might be expected by its Hame,
is meta-DENDRAL. Developed by
Dr. Buchanan, professor of com- .
puter science at Stanford, t%;pro-

gram learns rules about a specific

A
7
@

type of compound by examinimg
data from a set of examplos
These rules can then be used to
nterpret data concerning unknown
orgamc compounds. Both DE N-
DRAL and meta-DENDRAL use
the same rule-based logic. Criteria
set up by expert chemists guide
meta-DENDRALs generation and
selection of rules.

Dr. Feigenbaum says the pro-
gram was evolved from DENDRAL
for two reasons. First, it was de-
cided that DENDRAL has laid a
foundation firm enough to pursue
the deeper study of scientific
theory formation. Second, it was
recognized that acquiring expert
knowledge of a specific domain

.was the bottleneck in building pro-

grams targeted for real-world use.
Meta-DENDRAL was originally
intended to complement the parent
program. Its job was to formulate .
rules for interpreting data from
mass spectrometer analyses. In
such analyses, molecular frag-
ments are separated according to
mass and electrical charge.
Meta-DENDRAL's output is sets of
rules that describe how molecules -
tfragment when studied with mass

spectiometry (MS) Meta

DBE NDRAL also meludes evidence
supporting each fragmentation ruloe
and a smmmary of contradictory
evidence. Constraints, ted in by

-chemists, guide generation of rules
along desired lines.

The program, like DENDRAL,
usos the plan-generate-test
framework. The process includes
three steps: interpret the data and
summarize evidence; generate a
set of plausible candidates; test
and refine the set of plausible
rules. )

In the first step, meta-DENDRAL
cites each piece of MS data as a
highlly specific point of fragmenta-

. tion, then sums up the evidence
supporting such fragmentation and
the configurations that would ¢
cause these atoms to separate.
The next step is a heuristic search
tor general rules that govern the
fragmentations. The search begins
with the single most general rule
and proceeds toward more de-
ailed specifications. This process

~ continues until the program de-
cides that the rules being gener-
ated are becoming too specific.
Meta-DENDRAL also includes a

". Dr. W. Todd Wipke, p}lncipal inves-

tigator of the SECS project: design-
Ing syntheses faster and without the
bias of past experience.




criterion for deciding whether an
emerging rule is too general

In the tinal stage, tho program
tests candidate rules, comparing
positive and contradictory evi-

snce. Those with a negative bal-
ance are disregarded. Rules with
redundant features or suppotted
by the same evidence are merged.

The end result | a rule-set of
comparable quality to those that
could be Jeiverated by human ex-
perts, according to Dr. Buchanan.
“In some tests, meta-DENDRAL
h}(:reated rule-sets that we had *

-ffeviously acquired from our ex-
perts during the DENDRAL proj-
ect,” he says. "In a more stringent
test, involving a family of com-
pounds for which the mass-
spectral theory had not been com-

- pletely worked out by chemists, the
program discovered rufe-sets for
each subfamily.”

These rules were judged by ex-
perts to be “excellent.” A paper
describing them was published in
the American Chemical Society
Jourpal in 1976. g

Emphasis during the past year

has been to make meta—DENDRALﬁ

more efficient. A major overhaul

was accomplished, targely reor-

gannzing the methivds by which

the program works »With theso
changes, tho ability th generate
rulos concerning a different type of
data, carbon 13 nuclear magrietic
rosonance, was includeg. Several
papers wete published i 1979 on
the rules generated in thhs area.

F
 SECE”

The SECS (Simulation.and |
Evaluation of Chemical Synthesis)
project is aimed at describing the
logical principles used when con-
structing molecules. Developed
primarily by Dr. W. Todd Wipke, a
chemist and computer scientist at
the University of California, Santa
Cruz, SECS is intended to promote

- the development of new and

modified drugs, as well as syn-
thetic compounds modeled after
those that occur naturally. In par-
ticular, the project is concentrated
on assisting the chemist to design
and select syntheses of biologically
important molecules. Dr. Wipke
says the computer offers several
advantages over conventional
methods. .

“Using SELCS, chemists should
be able 1o design syntheses fastet
and without tho bias of past expe
nence,” he explains. "Many more
possible syntheses will be consid-
erad because of the systom’s ex-
tensive library of chemical reac-
tions, which is larger than any
person can remember. And the
computer can better process and
record the many structures that will
result.”

Through on-site terminals or
telephone links, investigators from
university, industrial, and private
laboratories are now using SECS.
Versions of SECS are available by
accessing SUMEX-AIM, or at the
University of Pennsylvania Medical
School, the International ADP
Network Computers, or Merck &
Company, Incorporated, among  ©
others. Dr. Kenneth Williamson of
Mount Holyoke College used
SECS to build three-dimensional
models of some 50 compounds
particularly important in nuclear
magnetic resonance spectroscopy.
Other scientists have successtully
used the program to design chemi-
cal syntheses. One chemist used

SECS to develop procedures for




making synthetic morphing.

“These users have givon us a lot
ol suggostions for improving the
program,” Dr. Wipke says. "Some
have contributéd new reactions
and quite a few people from indus-
try havo actually contributed labor
to the projest-—quite sophisticated
labr. In one case, an organic .
chemist from Hoffman-l.aRoche’
who had worked in the fiekd of
heterocyclic chemistcy for 10 years
spent a year endowing the pro-
gram with his knowledge of
chemistry.”

The scientist’s lack of experience
in computer science was not f1
problem because SECS uses a
special language called ALCHEM,
which was develon by Dr.
Wipke's group. He/says it is com-
posed of declaratives that describe
how the environment of molecules
influences chemical reactions.

"A chemist can understand the
language and remd a reaction with
only about 5 minutes of explana--
tion;" he says. "To actually use the
language well takes only a couple
of days.”

When working on a problem, the
program studies data about the

)

natural tagel molecule and con
structs a three dimonsional modoel
for display on a graphics tarnunal
Based on the analysis, St CS
draws from its knowledge base to
select reactions that could be used
in the last step of the synthesis and
then backtracks through the re
quired precursors 7

“The system stimulates the

- chemist's own creativity,” Dr. Wipke

says. "it prownto many difteront
and unbiased approaches to the
synthesis." The chemist guides the
computer through the process by
pointing out the most interesting
techniques.

“This is a unique feature of our
project in terms of Al research.
Usually programs are designed to
find one good way to accomplish a
task. We are interested in finding
all the good syntheses, and that
involves dealing with plans, plans
that havé many branches and ®
many contlngencues he says.

There is another feature that
sets the project apart from others
in the field, according to Dr. Wipke.
"Our program is interactive. We are
tackling the problem of synthesis
from the viewpoint of how best to

1) ; HO=-C-(¢-C

use the chemst and the computor
as a team and to have cach team
member domg tho tasks for which
that membern s best suted, A lot of
Al has been ditected ot how to
make the computer do the whole
thing with very htle emphasis on
presenting intormediato results to
the user ih a form that allows Y8
search process to be guided, inter- -
rupted, stoppad, or redirected.”

Dr. Wipke and colleaguas,
mostly synthetic-organic chemists, .
are currently expanding the pro-
gram to include more complex
strategies for designing syntheses.
“E9eentially, the program’ will have
a more precisely directed search,
and it will be more selective in
what it generates,” he says.

But before these strategies can
be put into the computer, they must
be explicitly defined, which is often_
ditficult to accomplish. For in-
stance, strategies based on princi-
ples of symmetry are learned from*
experience rather'than from
textbooks, Dr. Wipke explains. For
the computer to recognize a sym-
metrical design, these principles
must be dissected and reassem-
bled in the form of software.
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Unlike the current version of
SECS, which uses ALCHEM to
express rules concerning chenucal
roactions, strategies will be written
using mathematical equations. Ex-
pressing knowledge in this lorm

" will allow the Wipke team to build
ay explanatory function into the
program. If questioned by the
chemist as to why a certain reac-
tion was chosen far the synthesis,
the computer will be™able to reply,
citing strategies of chemistry.

In final form the strategy portion
of the program will complement the
part that deals only with reactions.
“The current program décides what
to do by consulting a list of goals,”
Dr. Wipke says, “and that goal list
will be created by this higher level
veasoning process which picks out
the strategies applicable to the
situation and explains why. The
program will then select ways to
implement the strategies and, fi-
nally, decide hpw to modity the

# molecule’s structure. This multi-
step procedure allows a view of the
problem free from human bias.”

Dr. Wipke hopes to demonstrate
that computer-based synthesis
techniques can also be applied to

SECS printout: helping the chemist
design and select syntheses of *
biologically important compounds.

AN

tho study of metabolism. Based on
technology trom the SECS pro
gram, a new computor program
called XENO has been developed
to predict metabolic pathways for
xenobiotic compounds—--chemicals
not normally found in the body. The
objective is to predict plausible
metabolites of a given xenobiotic.
“What you putin is the chemical
structure of the foreign compound,”
he says. “What you get out is the
chemical structure of the metabo-
lites.”

Predictions of plausible metabo-
lites result from knowledge of how
compounds are activated by en-
zymes. Many of the mechanisms
involved in these processes are
known and more are being discov-
ered.

In athion, the metabolite’s
stereochemistry is predicted. A
compound may exist in two forms,

each the mirror image of the other.

One may be active while the other
is not, or they may bothbe active
but produce different effects.

“Stereochemistry in metabolism
is a new frontier,” Dr. Wipke says.
“In thd,past, instruments were not
sensitive enough to explore this

. L 9

+

angle using the amount of metabo
lite that was obtamed ™

In recent months problems have
been submitted to the program to
test its ability-to predict metabo-
lites. Dr. Wipke says XtENO has
boen fairly successful at identilying
metabolites tound in laboratory
studies, and also predicts metabo-
lites that have not been faund. -
When discrepanties occur, Dr.
Wipke says, they sometimes can
be traced to errors in the knowl-
edge base. "The computer may
predict more metabolism than is
actually going on in living sys-
tems,” he says. "That's really not
too bad, because the metabolites
that can be isolated will always be
included in the set of metabolites
predicted by the computer. The
program defines a set of candi-
dates to look for.”

Dr. Wipke and colleagues have
now focused on expanding the
knowledge base, particularly to in-
clude models of more species.
Only the rat and the mouse are
currently described in detail.

An index of biological activities
associated with metabolites—for
example, carcinogens—is slated

/
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tor inclusion Tha functron will
apply pattern recognition to bm
pounds not listed in the index as a
means of classiying motabolites

The XENO project is not the only
spin-off from SECS. In 1978 the
SECS program led to development
ol a daughter project that extends
computer-assisted synthesis into
phasphorus chemistry. Under the
direction of Dr. Wlpke Drs. Gerard
Kautman and Francois Choplin at
the University of Strasbourg in
France created a knowledge base
composed of reactions pertaining
to phosphorus. In analyzing sev-
eral compounds and searching the
appropriate literature, the new sys-
tem found most of the existing
syntheses and, more Importantly,
suggested new techniques that
appeatr to be equally good or bet-
er, according to Dr. Wipke.

OLGEN-

Experiment-planning in the
manipulation of DNA is the goal of
MOLGEN, a Stanford project being
conducted in collaboration with
scientists at the University of New
Mexico (UNM). Program develob—
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mont s prmartly uhder the deec
tion of Drs Lawenge H Kedes and
E dwiand Feigenbaugn, computed
scientists Dis MR Stefik and
PPotor Hriedland, an§ biochenust Dr.
Doug Brutlag MOLEEN's taskis
to advise geneticists about the de
sign of laboratory experiments.
These include methods used o
analyze and modify nucleig-acids.
MOLGLEN is mainly focOsed on
organizing experimeontal tech-
niques and determining the order
in which they should he-applied to
achieve specitied goals, Dr. Brutlag
says. "The enormous volume ol
detailed knowledge makes it likely
that good experiments are being
missed,” Dr. Feigenbaum says.
“We believe that an intelligent
planning assistant can offer help in
anticipating the results of combin-
ing experimental methods in many

.ways.” .

Dr. Peter Friedland says
MOLGEN makes near-expert deci-
sions when selecting physical
methods, such as electron micro-
scopy or enzymatic modification, to
analyze molecular structure. Even-
tually the program will be ex-
panded to include the design of

Y
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synthesrs expenments i which
mothods tor building molecules will
bo descnbed Functional analysos
will be added as well, allowing the
program to identity the products of
Sucleic ackds
Tho succoss of MOLGE:N as an
experiment designer depoends on
the qualty ot its knowledge base.
Much eftort has been expendedio
supply the base with explicit infor-
mation about DNA structures,
restriction enzymes, a hierarchy of
laboratory techniques, and a grow-
ing collection of genetics-oriented
strategies for discovering informa-
tion about various aspects of DNA
molecules. Most common ana-
Iytical and mdnipulatlve methods
have already been put in the base.
Results of the research include
some special-purpose programs in
the area of molecular genetics.
The most useful are highly refined
versions of previously existing
strategies. Many of these concern
determination of the sequences of
nucleic acids in DNA. Modifications
are focused on technical aspects
of the programs; those leading to’
imptroved efficiency, for exasple,
and those addressing human en-

RITES t.?a.l’\' 'H e

DNA's spiral ladder of heredity: help-
ing chemists manipulate the

- molaecule through well-plannad ex-
periments is the focus of MOLGEN. |
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gineering concerns to make it
easier for sciontsts not famihar
with computers to use the pro

grams

rn addition 10 its applied orienta-
tion, MOLGEN includes an Al re-
search dimension: useo of the
knowledge domain of molecular
genatics to create a generally ap-
plicable problem-solving proyram.
The system is designed to allow
generalization into domains be-
yond genetics in future reseaich
and application. =

“Integrating the many diverse
sources of knowledge is a central
problem in constructing MOLGEN
because the expert-planning pro-

cess requires a blend of biological, .

genetic, chemical, topological, and
instrument knowledge,” Dr:
Feigenbaum says. "The expert's
knowledge 6f experimental strate-
gies must also be represented and
putiouse.”

PROTEIN STRUCTURE *
PROJECT

Building computer models of-pro-
tein structures from crystallo- -

P

graphic data, particularly electrgh

density maps, s the goal of the

CPROTEIN STRUCTURE project i

Stanford | lectron denesity mape,
arg data cepresenting the struc:

< tures in three dimensiq\r(\s. Unfortu-

nately, these maps aire Dgually

. crude and ambiguous As\a result,

the program depends largely on
background information, such as
the amino acid sequence in a pro-
tein, for guidance and supportin
forming hypotheses about the
compound'’s three-dimensional
structure.

. Because the shape ot a
molecule exarts a major eftect on
its performance, accurate analyses
and representations of molecular
structure are seen by medical re-
searchers as essentialto under-
standing the biological function of

-these complex molecules.

Interprealing electron density
maps is the art of a protein
chemist, which the system’s logic

. scheme attempts to capture

through the use of heuristic
rules. Due to the size of protein
molecules, wﬁ'lich often contain
many thousands of atoms, the

~ plan-generate-and-test strategy

used by DENDRAL cannet be em-

ployed Hather, the system pleces
together hypotheses by concentrat
ing successively on cpecthe areas
of the protein The project 1s undor
the direction of Dis. | eigenbaum
and Robert tngelmore of Stanford
University with assistance from Mr.
Allan Terry, at the University of Cal
iforma (UC) rvine, and the stiong
collaboration of Di. Stephen Freer
at the UC San Diego.

Clinical Medicine
INTERNIST

Heuristic search tethniques are
used in all SUMEX-AIM projects,
although each differs according to
the purpose.of the project. Drs.

Jack D. Myers and Harry E. Pople, -

mentors of INTERNIST at the Uni-
versity of Pittsburgh, reasoned that
the best way to design a computer
program for solving difficult prob--
lems is to simulate the mental
processes used-by people They
are primarily interested in building
a program that will aid skilled gpe-
cialists in solving complicated prob-

lems concerning internal medicine. _

Spin-offs from the program might

«
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be used My physicians’ assistants
or in rral health care clinics, mili
tary outposts, and spacccraft. To
be effeclve, the program must be
able to diagnose several diseases
it they are present in aingle pa-
tiont, and it must render diagnoses
quickly to reflect the current status
of the patient.

Drs. Myers and Pople analyzed
the diagnostic roulir:jfollowpd by
the expert clinician ahd established
a sot of criteria:
¢ Observations fed into the com-

putgr must evoke Yhe appropri-

ate hypotheses of disease.

¢ Hypotheses must generate a list
of manifestations that would be
present in the patient if the diag-
npsis is correct

¢ The computer must be able to
rank models of disease accord-
ing to their probability of being
correct and must be able to de-
cide when the weight of evi-
dence is sufficient to permit rea-

'sonably Bonfident judgment,
¢ \I'hé program must be able to

broup hypotheses into mutually

exclusive subsets corresponding
to different diagnoses, in order to
handle cases in which more than

one disease may be present

Since beginning their work in
1970, Dis. Myors and Pople have
devoloped an operative system,
and in so doing have partially
achioved these objoclives.
INTERNISTWccepts descriptions
of disease manifostations in any
order and asks for more informa-
tion, suich as historical items,
symptoms, signs, and laboratory
data. These facts are not entered
in a specific order, but rather as
they are gained through tests and
observations. As facts@accumulate,
nodes of recognition are triggered
and a pattern begins to develop.

Now, with a specific direction,
the computer fits the data together
like pieces of a jigsaw puzzle. An
interlocking web of programmed
data is set up, beginping with cate-
gories buch as liver disease lead-
ing into specifics like hepatitis A.
After sufficient data have been fed

into the computer, disease modelsy

are developed. The models are
then compared and ranked.

“The computer holds the profile
for each disease in its memory and
if the model fits that standard pro-
file very closely, it could make a

/

dipgnosis,” D Myers says “H that
1Rt possiblo, it will set out asking
questions to obtain turther \nfurma
tion, o0 that one or more of the
modecls can bogontirmed.”

A second generation program
dubbed INTERNIST I, which may
speed up the diagnostic procedure,
is now being designed. Although
experimental, the new program
has shown promising results, rais-
ing hopes that it will lead to-a more
efficient workup of clinical prob-
lems when the program is applied.

Dr. Myers predicts that within 5
years INTERNIST might be diag-
nosing disease on a practical,
rather than experimental, basis.
When completed, the system will
be able to assist physicians work-
ing on difficult cases and
paramedics serving in remote or.
medically underserved areas.

“The computer’'s assessment of
a patient’s condition will be re- -
garded as evidence to help the
practitiongr form a diagnosis,” he
says. “The program is intended to .
serve as a consultant, not as a re-
placement for the physician.”

Currently, more than three-
fourths of the knowlegge appli-

N

Drs. Jack Myets (polntdg) and Harry
‘Pople NTERNIST: “"No ene can
possibly memorize all the data in
medicine.” '
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cable to interngf medicing, one of
the broadestghecialtios, has been
translated uflo symbolic data struc-
tures and storad in the computer
memory. Over the past 2 years IN-
TERNIST's ability to translate this
vast store of knowledge into accu-
rate diagneses has been proved,
using a variety of difficult case
studies that were published in
medical journals or occusred in
Pittsburgh teaching hospitals. “In
the great majority of cases the
program has been effective i sort-
ing out the pieces of the puzzle
and coming to a correct diagnosis,”
Dr. Myers says. “The knowledge
base is too incomplete for a com-
prehensive test in a clinical situa-
tion, although it is used on an

ad hoc basis at Presbyterian-
University Hospital, Pittsburgh, for
clinical guidance.”

Within 1 year, the knowledge
base is expected to reach a “criti-
cal stage of completeness,” ac-
cording to Dr. Myers. Soon after,
field trials of INTERNIST are
scheduled to begin at Presbyterian-
_ University Hospital. If successful
there, a half-dozen other health
care centers will take partin the

testing At each institution, Dr.
Myers estimates, 20 case analyses
will be run each day. During the '
trials, physicians’ reactions to the
system and their pattern of use will
be retorded. On the basis of this
information, INTERNIST will be re-
vised, if necessary, o improve ser-
vice 1o future users.

In the past year, Drs. Myers and
Pople have devised a program
called ZOG, which makes it possi-
ble for a physician only casually
acquainted with computer science
to master the use of INTERNIST,
reportedly within & minutes. Tests
show that ZOG, developed at
Carnegie-Mellon.University, is very
versatile and easy to use. Dr.
Myers says ZOG is important be-
cause the computer must be easy
to operate if it i to bridge the
ever-widening gap between what is
known in medicine and what
physicians are able to remember.

"No one can possibly memorize
all the data in medicine,” he says.
“There's just too much knowledge
and that pool of information is con-
stantly increasing. The computer"
has a perfect memory and is ad-
mirably suited for a large know!-

edgo baso:”

The data base s bemng ex
pandaed by tourfh year timversity of
Pittsburgh medical students who
partiapate in a medical computing
course taught by Dr. Myers._Stu-
dents are assigned to the project
for periods varying from 6 to 18
weeks. Each student focuses on a
group of diseases, usually in a
specific area. A complex list of dis-
ease Indicators is gathered from
literature and clinical experts on
the faculty. Dr. Myers and other
clinicians review the data, making
any necessary changes. Often
students gather additional informa-
tion. A major continuing effort is
required to update the intormation
as new scientific and clinical data
become available.

Within the year, the knowledge
base may address virtually all the
important diseases in internal med-
icine. The team expects to meet
this schedule, in view of the recent
full-time addition of Dr, Randolph
Miller, previously a juiior col-
laborator on the project, and the
participation of Dr. Victor Yu,
formerly of MYCIN and now on the
University of Pittsburgh facuity.

V-
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The tust clinical tests of INTE R
NIST are tentatively scheduled tor
the early 1980's.

When inuse, INTERNIST's

. .wealth of information and diagnos-

tic ability may solve one probfem
that currently plagues physicians---
ineffective use of time. Patients
with complex diseases’often re-
quire the attention of several
physicians, or of one physician
over a long period of time, before
definitive diagnoses can be
reached. The computer program
was specifically designed to handle
such cases, according to Dr.
Myers, and its use should speed

.the diagnostic process.

INTERNIST may also réduce the
cost of health care by sparing pa-
tients unnecessary tests. When

" additignal informagion is required to

draw a computer-diagnosis, the
prégram asks for the procedure
that is least expensive and pre-
sents the smallest risk to the pa-
tient. Invasive methods are always
requested last. Dr. Myers em- ~
phasizes-that the operating cost of
INTERNIST has not yet been de-
termined and the expense of using
the system rTay offset the savings

e

—c
~

N physicians” fees and laboratory

" tosls

Several groups have indicated
iterest i the program. The m
tary may want to use the system in
remote outposts and submarines.
The National Aerondutics and
Space Administration may use
INTERNIST on board spacectaft or
orbiting laboratories.

The pragram’s most valuable
applacahon may be in rural chnics
where nurse practitioners and -
paramedics serve health needs
with only periodic and short-term
contact with physicians. Tucked
away in rephote aréas, terminals

-linked to INTERNIST by telephone

could type out important, some-
times vital, analyses of patients'
conditions.

“Suppose the diagnosis comes
back ‘pneumococcal pneumonia,’
which may be something the
paramedic thought the patient had

.all along,” Dr. Myers says. “This

confirms his idea. Treatment is (
straightforward and the paramedic
would go ahead. On the other
hand, if the computer indicates
something much more serious or
complicated from the standpoint of

bl
T

teatment, | think the paramedic
would say, 'L ook, this s not for me.
We'd better send thes patient to a
hospital ™

INTERNIST, the consultant and
ibrarian, is also a teacher. The
program is being adapted to list
basic disease manifestations and
to score users on the number of
additional indicators requested, the
estimated cost and risk of tests
cited to obtain more information,
and the number of incorrect diag-
noses. The electronic “quizmaster”
has been used by members of the
university hospital staff who have

‘found it to be an "interesting and

educational experience.” Other
teaching programs are being
planned. The most ambitious
scheme in thie. program'’s future is
linking INTERNIST with other
computer-based dlagnosuc Sys-.
tems.

One such interface may include
a diagnostic program for hematol-
ogy at Cornell University. Dr. Myers
says hookups to this and other
programs may allow INTERNIST to
pursue more detailed diagnoses.
But INTERNIST's ability to gener-_
ate diagnoses comparable to those

MYCIN printout: computerized con-
sultant on infectious diseases that

- diagnoses, recommends therapy,

and justifies its decisions.




of a human expertis limited to tho
specialty that it embodies. Al-
though expanding the program to
include other areas that have beon
scrutinized and delined may be the
eventual goal, the consensus
among Al researchers is that an
all-encompassing diagnostic pro-
gram s still in the distant future.
As Dis. Feigenbaum and Leder-

berg stated in 1970 when reporting
the first major summary of results
ffrom the DENDRAL project, “. . .

/ general problem-solvers are too
weak to be used as the basis for
building high»pertO{mance Sys-

toms. The behavior of the best
qgeneral problem solvers we know,
human probloem solvers, 1in ob
served to be weak and shallow,
dxcept in the areas in which the

human problem-solver is a spocial-

ist. And itis observed that the
transtor of exportise botween spe

cialty areas s slight. A chess mas-

ter is unlikely 1o be an expert

algebraist or an expert mass spec-

trum analyst, etc. In this view, the
expert is the specialist, with a spe-
cialist's knowledge of his area

and a specialist's methods and
heuristics.” - ~

"%k §HOW .DO YOU USE “THE TYPE OF THE INFECTION?

“Subsequent evidence from our
Liboratory and alt others has only
confitmoed this beliet,” De §Fowgen
baum says .’

o

MYCIN/EMYCIN

MY CIN holds true to the conten
tton that program mput must come
from expert specialists, not general
problem-solvers. The program
specializes in the diagnosis and
therapy selection for patients with
specific infectious diseases. Its
goal is to provide sound therapeu-
tic advice, using ava,'lable informa-

The following rules use:
sthe 'type of the infection

154, 578, 574, 572, 5706, 565, 564, 559, 557, 553, 551, 549, 547, 545, 543,
541, 539, 537, 535, 533, 531, 529, 523, 520, 519, 517, 515, 513, 511, 507,
"300, 289, 288, 287, 280, 174, 167

~Would you like a .summary of all .the parameters concluded by thesc rules?
%% NO
.Which of the rules do you wish to see?

*280

RULE 280

A > 010 PED WO B Ve

Ir: 1) The infection which requires therapy is meningitis, and
2) The type of the infection is fungal, und
3) Organisms were not seen on the stain of the culture, and
4) The ‘patient is not a compromised host, and
5) The patient -has been ro .an.area that is endemic for

coccidiomycoses, and

6) The .race of the -patient is one -of: black asian indian, and
'7) The cryptococcal :antigen in the csf .was not positive

“THEN: “There is -suggestive evidence (.5) that cryptococcus is not one of the
«organisms {other than those:seen on 'cultures or -smears) which might
be causing the infection.

‘Author: YU .

Justification: -iDark-skinned races, especially Filipino, Asian, and Black (in
sthat -order) ‘have -an incregsed ‘susceptibility 'to coccidiomycoses -meningitis.
srature: Stevens. DA g viiconazole in -Coccidiomycosis. -Am J Med,
SG0OL0 U232 ol 176
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tion toidentty all the organisms
ikely to be causing the infoction At
present, two major types of infec
tons are thoroughly covered in tho
knowlodge base -blood mfections
and meningitis.

MYCIN developers Drs. Bruce
Buchanan and Edward Shortliffe,
in collaboration with Drs. Stanley
N. Cohen and Stanton Axline, built
on techniques evolved through.
years of DENDRAL experience
and knowledge of how large vol-
umes of domain-specific informa-
tion can be represented. Their
model of logic is the use of “pro-
duction rules” which represent
facts and their interrelationships.

The MYCIN knowledge base
currently consists of some 500
sych rules. Essentially, each rule is
a:&\{g ... THEN statement, which
encompasses a set of precondi-
tions to justity a conclusion. For
example, IF the gram stain of the
organism is gram negative, and
the morphology of the organism is
rod, -and the aerobicity of the or-
ganism is anaerobic; THEN there
is suggestive evidence that the
identity of the organism is Bac-
teroides.

A . *

MYCIN scores better than human
prescribers: therapy was classified
as acceptable if evaluators rated it
as equivalent to their owrn.

B.
Drs. Bruce Buchanan (left) and Ed-
ward Shortliffe ot MYCIN: "Building a
valuable resource for the practicing
physician.”

-~

MY CIN s able toadently nucro
orgamnsms, presciobe antibwohe
drugs, and explam, in detal s ad
vice. When tecommanding a diag
nosts or therapy, MYCIEN hsts tho
rules and cites literaturo reforences
used in the decision-making pro
cess. Any or all of the rules are
available in detail upoo request
Tho explanatory function allows
the physnuzm rationally to reject the
program’s advice if there is dis-
agreement ovei its recommenda-
tions. Physicians can ask if certain
facts, such as the patient's age,
were included when forming the
diagnosis and therapy recommen-
dations. Or they may request the
computer to justity a decision.
Rather thhin simply stating that a
clinical indicator suggests a type of
microorganism, the computer
might say that such an organism is
more common than others in a clin-
ical setting and is the likely cause,
since the intection occurred after
hospitalization. In each case, the
computer citds rules and refer-
ences to medical literature to sup-
port its recommendations.

" From MYCIN's explanatory func-
tionhonspecialists may learn ahout

ALl ke £ 81 G 8T A e T m e i e g Vg & & P ¢ S ameh W ¢+ Cee e h emii et 4 — o e e e

Ratngs of Antimicromal Selection Based on Evatuator Rating
and Etologe Deomosis

|
o
i

Nuanber (") of Cases
wwhoah Therapy 1ated
Mcephabite by an
tvatuator (n- 80)

..‘ (I .)

LY IATPLRR |
ity ! [RARTN 1]

'l"l‘l'il (l'.-' e -

feilowy i 1 a0
Pty | Ly Y/
RITEUY AN

-‘3l )l

‘)“'l‘

the comploxitios of diagnosis and
therapy forinfectious diseaso |
thormore, access to the rulos usoed
by the program is & means to ex
pand its knowledge basoe. Doyl
opors can improva the base by en-
tenng information that may be
missing or inadaequately stated.
Bocause there are dozons of
oxcoptions, contradictions, and
qualifications for each rule, and
bacause madical research is con-
stantly gonerating new information
for diagnosis and therapy, updating
the knowledge base is essential.
Like INTERNIST, MYCIN also
has the abillity to question physi-
cians. Tost results and symptoms
may be requésted, as well as
observations-about the patient's
appearance. - ’
Although MYCIN has not yet
been tried in a routine clinigal situa-
tion, thrge separate tests of the
prograﬂﬁ{:ive been very success-
ful. In the most recent, the sys-
tem's recommendations concern-
ing therapy for patient cases with
infectious meningitis were com-
pared to those submitted by .
specialists, physicians of varying
degrees of expertise, and one

Number ('6) of Cass i
wWhich Therapy Hated
A eptabin by
Moty of
Evaluators i 10)

Numbar of Casiean

Wivenr Therapy Fadnd
ts Cover o Toeatable
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modical student.

Ten casoes involving infectious
moningitis were selectod by a
physician who was not acquainted
with MYCIN. All patients had been
treated at a county hospital af-
filated with Stanford, thoy were
identitied by retiospective chart re-
view, and each presented challeng-
ing diagnoses. )

Two criteria for case selection
ensured that the cases would be
diverse; there were to be no more
than three cases of viral menin-
gitis, and there was to be at least
one case from each of three
categories—fungal, viral, and
bacterial. A detailed summary of
each case was compiled. The
summary included history, physical
examination, and laboratory data.
Patients ranged in age from 1 day
to 73 years.

Summaries were presented to
MYCIN, five faculty members in
the Stanford divisions of infectious
diseases of the departments of
medicine and pediatrics, one
senior postdoctoral fellow in infec-
tious disease, one senior résident
in medicine, and one senior medi-
cal student. None were associated

with tho"MYCIN projoct These
soven physicians and student were
ashoed to presciba therapy for
each caso on the basis of informa.
tion in the summaries Thare waro
no rostrictions concorning the useo
of refarenco materials.

D Buchanan recognizes that it
is difficult to define precisely tho
torm "appropriate thorapy.” Tho ro-
cont MYCIN trial defined the term
with two control standards. One
was simplyyhether the prescribed
therapy woultibo effectivo against
the pathogen (Wgblo, column 3). . -
This was not the 3le criterion, b6-
cause failurg to covd{ other likely
pathogens and the haxards of
overprescribing are not
ered. The sacond controhwas to
submit the decision to the judg-
ment of eight prominent specialists
of infectious diseases at insti-
tutions other than Stanford who
evaluated the recommendations
(Table, columris 1 and 2). Each had
published clinical reports concern-
ing the management of meningitis.

,In these tests, MYCIN received a
" higher rating than any of the nine
human prescribers. The system's
recommendations scored consid-

{ia R

orably ligher than the actua!
therapy that had boon presonted
for the pationts

Animportant point to be madao is
that MYCIN and the tacully wero
relatively selective in the choice
and numbaer of antibiotics pre--
scribed (Table, colomn 3) I con
trast, the thargpeutic strateqy of
physicians caring for the patients
had been to prasciibe sevoral
broad-spectrum antimicrobials. In
oight cases tho physicians preg-
scribed two or thiee antimicrobials;
i six of these eight cases, one or
no antimicrobial would havo heon
preferable.

Initial overprescribing of these
agents is not necessarily wrong,
since redundant or ineffective
therapy can be discontinued after a
pathogen has been identified, Dr.
Buchanan says. But an optimat
clinical strategy attempts to limit )
the number and spectrum of drugs
prescribed, in order to minimize
their toxic effects and the devel-

-opment of drug-resistant patho-

gens,

The problem of overuse or
misuse of antibiotics is well-
documented in medical literature.
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For instange, a Stanford University
study showed thavege of ovory
fowr persons in the Unitoed Statos
recotvad pentcilhin undar doctors’
ordersin 1977 and nearly 90 per
cent of these proscriptions were
unnecassary Othor studies show
that nonspacialists oftan proscribe
antibiotics that differ significantly
from thoso that would have been
prascribed by experts in infoctious
disoase thorapy. .

This misuse of drugs is directly
rélated to the limmadiate need tor
treatment required by pationts with
acute infections. Although culture
reports can usually be obtained
within 24 hours after the sample is
taken, such reports often classify
the organism in general terms.
Due to the severity of a patient's
condition, the physician may not be
able to postpone treatment until a
precise identification can be made,
a process that may require 48
hours or longer.

“In this setting, MYCIN is de-
signed for two roles,” Dr. Buchanan
says. "It can provida consultatiye
advice to assist the physician if,
making the best early therapeutic
decision possible from available in-

formation And by questioning the
physician about the pationt,
MY CIN glinpoints the itemes of ¢hini
cal data that are ossental to the
validity of the decision ™

MYCIN can also plot tha stoady
state blood lavels of various anti
biotics, based on such pationt
variables as body surface area,
wuoight, and lovel of kidney func-
tion. Dr. Buchanan says this capa-
bility allowy physicians to pick the
most effective and least hazardous

-dosse of prescribed drug for in-

dividual patients

The program has been used by
physicians for experimental consul-
tation, as well as for classroom and
prolessional demonstration. Com-
puter scientists have studied the
program, seeking information
about its design and operation. But
when judged in terms of being an
acceptable clinical tool, MYCIN still
must undergo more development.
To be practical, it must be able to
diagnose all major infections likely
to be found in a hospital. This ‘will
require further expansion of its
knowledge base. Also, refinements

]

for convenience to physicians and

ease of Operation need to be
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Thiough collaboration with other
screntists wortkmg in SUME X AIM,
Drs Buchanan and Shorthfte have
loarned that it s possible to de
volop chiically useful programs
quickly by matching the knowladge
of spacilic application areas ta the
logic scheme of MYCIN. Extracting
and applying the esseantial parts of

“the program to other fields has

boen dubbed the EMYCIN project.
All knowledge and references to in-
fectious disease have been re:
moved in EMYCIN, but not the
logic behind diagnosis, therapy
recommendations, explanation,
and knowledge acquisition,
MYCIN has led to the construc-
tion of two programs which are al-
ready In use. One is called
SACON, a computerized consult-
ant that helps engineers pick the
proper strategy for analyzing such
structures as aircraft wings, rocket -
engine casings, bridges, and build-
ings. SACON is used in conjunc-
tion with a program called MARC,
which offerd a large selection of
analysis methods, material proper-
ties, and geometries suited to e
modeling the mechanical behavior




of structures.

“A year or more of experience
with this program is typically
needed before the operator can
use all the options to his best ad-
vantage,” Dr. Buchanan says. "The
goal of SACON is 1o bridge this
“- gap by recommending an analysis
strategy.”

According to Dr. Buchanan, the
expert who worked on the SACON
project found it easy to translate
his knowledge of how to operate
MARC into the rule-based logic
scheme developed for MYCIN. -

Another spin-off from MYCIN is
called GUIDON, a tutor for medical
students that uses the mother pro-
gram’'s knowledge base as a man-
ual for diagnosing infections and
prescribing antibiotic therapy.
Other manuals derived from
MYCIN cover knowledge from
SACON and knowledge about
pulmonary function, which is in-
cluded in a separate SUMEX-AIM
program called PUFF.

“GUIDON represents a signifi-
cant twist in Al research,” Dr.
Buchanan says. “We are transfer-
ring knowledge from a program to
people, students who want to learn

GUIDON printout: tutoring medical
students with tailor-made clues.

>

the methods and stiategies used
by experts in their field.”

The program uses Al techniques
to represent both subject material
and teaching strategies. Course
material is represented independ-
ently of teaching procedures so
that problems and remedial com-
ments can be tailored to each stu-
dent.

Unlike traditional computer-aided
instruction (CAl) programs, which
attempt to anticipate every wrong
student response and prespecify
references to remedial teaching
material, GUIDON constructs
models of the student’s knowledge,
reflecting the person’s weaknesses,
strengths, and preferred style of
learning. Through a video display
terminal, GUIDON and a student
discuss patient cases suspected of
involving an infection. The com-
puter helps the student consider
the relevant clinical and laboratory
data for reaching a hypothesis
about the causative orggnisms.

MYCIN's diagnostic rules pro-.

| vide the underlying expertise used

by the tutorial program in selecting
topics to be discussed. In addition,
GUIDON has 200 tutorial rules,

*FHINT
Hint:

which include methods for guiding

the dialogue, presenting diagnostic

strategies, constructing a student
model, and responding to the stu-
denmt’s initiative.

“Traditionally, teaching expertise
is compiled into the program, com-
bining all kinds of problem-solving,
communication, and pedagogical
strategies,” Dr. Buchanan says. “In
GUIDON we make the important:
step of explicitly codifying this ex-
pertise as a body of rules within
the program. The rules state how
to teach, how to reply to a student,
and how to guide him.”

The success of these programs
has generated interest in EMYCIN
as an academic and business tool.
Representatives of several corpo-
rations, research centers, and uni-
versities are exploring the passibil-

ity that the scaled-down version of _

MYCIN could be adapted to their
individual needs, ranging from air-
craft design to diagnosis and man-
agement of epilepsy. ‘
One of the most promlsmg med-
ical projects to arise is the devel- -
opment of an EMYCIN therapy
management system for Stanford's
oncology clinic, which provides

Look for strong, positive evidence that

Diplococcus~pneumoniae is one of the organisms that
might be causing the infection.

*¥HELP

let's consider whether J.

Smith has a head

1njury.

We already know that the patient has not had an
injury to the central nervous system; this is
evidence that he does not have a head injury
[RULE 509 7.

We now have strong evidence that
Diplococcus=pneumoni ar and Neisseria-meningitidis

are organisms that might

(considering the ape of J

be causing thh infection
Smith and the fact that he

does mot have .a hesd injury [RULE 5071).

Tt remains for us to consider other fuctors for

determiging the organisms that migh

r_be causing.




chamotherapy on an outpationt
basis. It is separate fiom tho rest of
the hospital clinics and its isolation
ofters certain advantages. "Com
puter terminals can become famil-
iar to a small subset of doclors,
and won't be in the way ot people

. from other clinics,” Dr. Shortlitfe

says. Dr. Charlotte Jacobs, the on-
cologist who directs the clinic, is
collaborating on the system design
and implementation. .

The clinic has a dafinite need
that can be filled by an Al program
_of the type being constructed by
Drs. Shortliffe and Buchanan. Be-

S S slety:

" unwigldy an

cause its a research clinic m
which chnical studies ate routinely
porformed, somo 50 tHorapy reg
mens or protocols are gomng on st
multanecously.

“THare's usually one person who
knows an individual protocol well,
but if a resident, student, or fellow
delivering care in the clinic has
some question, such as whether a
patient needs a chest X-ray tomor-
row, it's really hard to find the an-
swer, Up-to-date copias of the pro-
tocols are ggintained but are often

%10 chance of finding
the needed informagion in a Tea-
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sonable timae s often very shght”
says D Shorthtte, who spoent ime
i the chiie duning tis medical res
idoncy at Stantord

The program is intended as a
source of just such information
Protocols will be fed into the
knowledge base of a program simi-
lar to EMYCIN. The reasoning
process may gventually allow
complicatod decision-making, such
as matching few patients with a
set of appropriato protocols, but
during the next year the scientists
hope at least to accomplish simpler
tasks with their new program.

w
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The protocol for cach patient will
be avallable, presenting the day of
therapy and procedures required.
“A lot that is called for by protocols
is currently missed,” Dr. Shortliffe
says. "Some people don’t get ap-
propriate X-ray or laboratory
studies called for by the protocol
becausgthere is no good system
for rteminding the clinicians that
they should be ordered. Then,
when the clinicians try to analyze
the data, they sometimes realize
that the people enrolled in the pro-
tocol have not been categorically
following the protocol itself, and the
data havé suffered for that reason.
So, use of the program can im-

~ prove the quality of studies and the

way care is delivered by providing
better access to the details of the
protocols in an on-line fashion.”

The long-term goal of the project

is to build on these early al-

gorithms until the program is capa- -

ble of making inferences. “Then it
starts to get more like MYCIN,” Dr.
Shortliffe says, “when it actually is
helping decide whether a patient is
responding to therapy, whether the
patient has any evidence of re-
sidual tumor, whether there has »

. Patient being examined by ophthal-

mologist: testing for the presence of
glaucoma.

- many don't kno

-

been too long a delay since the
last reatment. We want to make
sure that those kinds of capabilities
can be added on without having to

-‘suddonly redesign the system.”

Psychopharmacology
Advisor— '
HEADMED

Dr. Jon F. Heiser, a psychiatrist,
and Dr. Ruven L. Biooks, a com-

puter scienlist, both at the Univer- -

sity of Toxas Medical Branch at

Galveston, are tailoring MYCIN's .

logic scheme to fit a medical do-
main much ditferent than intectious

- diseases. They are developing a

psychopharmacology advisor
.called HEADMED.

The program, which is part of a
pilot project on SUMEX-AIM, ad-
dresses the problem of drug mis-
use in psychiatry. “There ara in-
adequate rationales for many pre-
scriptions, and not uncommonly
the dosages are wrong,” Dr. Heiser
says. "I you tested physicians’
knowledge of how to use these
drugs, you'd prgbably discover that
e important
side effects, adverse reactions, or

lethal doses
D Hewser adds that those physs

- crans may not know how such

madications affect a patient’s gen-
cral health, other physical disor-
dots which may afflict the pationt,
or treatments that the patient may
be recaiving for theso disorders.
As an example, Dr. Heiser points to
a drug that has recently drawn
much attention. "For the past sev-
eral years, the most prescribpd
drug in the United States has been
Valium. It isn't clear why this drug
¥ being prescribed, and it is un-
likely that it should be prescribed to
the extent that it is,” he says.

HEADMED is designed 1o rec-
ommend the use of drugs, if indi-

ted, for patients suffering from
f;zych'iatric disorders. A side bene-
fit from develobing the program is
that the rules for patient assdss-
ment and management will be ob-
jeclively described. These rules will
be of value as educational tools,
Dr. Brooks says.

The long-range goal is to design
a small, functional computer pro-
gram that ﬁan diaghose and rec-
ommend therapy for a variety of
psychiatric disorders. Work has




been focused on the diagnosis and
recomimandation of a drug troat-
mant, if indicatad, for major de
prossive disorders. Also, altention
has boen given to classes of
nonpsychiatric madical probloms,
“+-such as cardiovascular and renal
disorders. The program Is intended
to caution pgainst potantially harm-
ful reactionts from drugs that might
be presciibkd and to give advice
concorning dosage and duration of
therapy.

The Immaediate goal is to evalu-
ate tho use of EMYCIN In this proj-
Y oct, and to inake the program easy
for psychiatrists to operate. “Es-
sentially, we look'on our efforts as
the first try at finding an appropri-
ate control structure,” Dr. Brooks
says. “To construct a foundation for
the program, we are focusing on
the diagnosis and managemaent of
certain depressions.”

CASNET

Scientists at Rutgers University
have built the same type of
vers%tility into a new Al program
called EXPERT. In building EX-
PERT, which will be applied in

"]

rhaumatology, thoy used tho rea
soming schomo of a program called
CASNET/Glaucoma which was
designed for ophthalmology Theu
efforts domonstratod that a pro-
gram, when developed and
adequatgly refined, can be apphoed
to diseases totally uniclatad to the
original application.

When Drs. Casimir A Kulikowski
and Sholom M. Weiss began the
CASNET project in 1971, their goal
was to develop differont ways of
computerizing medical knowledgo
used by experts to arrive at diag-
noses and treatments. “Instead of
picking an entire area of medicine,
we looked in great detail at the
mechanism of one group of
diseases—th® glaucomas,” Dr.
Kulikowski says.

The two scientists, along with an
ophthalmologist from Mount Sinai
School of Medicine, Dr. Aran Satir,
picked the glaucomas because
these eye diseases and their
treatments have mechanisms that
are relativély well-understood.
Consequently, they were good
candidates for in-depth modeling of
the causes and effects of disease:
processes.

!
I he approach provbd usetulin

dasigiing a prototype computer
program Just as the CAGNE 1/
Glauvcoma project was reaching
maturity, a group of scientists at
the University of Missoun askod #f
a similar program could be de-
signed for the field of rheumatol-
ogy.

The Rutgers investigators are
now applying techniques learned
while constiucting CASNET to the
design of a new computer program
for diagnosis and treatment of
rheumatic disease. "We'll have the
same sort of mix that we have in
the glaucoma program: a research
orientation oL.¢he knowledge base
provided by experts in the\isld and
the development of a practical-.
consultative system,” Dr. Kulikow-
ski says. “But in addition to basic
research, a strong priority is to
build a high-performance consult-
gnt system.” -

Through the use of a versatile
program called EXPERT, which,
like EMYCIN, is primarily used to
construct new consultative pro-
grams, Drs. Kulikowski and-Weiss — -
made rapid advances toward their -
new goal. After only 2 months on




the project the rescarcherd wore
able to generate prelinimary -
models of seven rthournatic dis-
eases. Currently a data base of
over 150 patient cases has been
established. One of the rheumatol-
Ogy program’s most important fea-
tures s that its medical knowledge
can be rapidly organized and up-
dated. Disease models can be ver-
ied using the cases stored in the
data base. :

“It's amazing that the new
project is going so quickly,” Dr.
Kulikowski says. “Through our ex-
perience with CASNET/Glaucoma,
we've achieved the critical mass of
tools and expertiso needed to pro-
duce an expert consultant on a
new subject in only a fraction of the
time required for the first system.”

EXPERT is now being tested at
the University of Missougjagainst
ditficult case histories. " During the
past 6 months, the program has
correctly diagnosed more than 90
percent of the cases. '

During the early years, from
1971 to 1978, much new ground
was broken and most early goals
were met. When the scientists
stopped active expansion of

CASNE T_‘})rintout: diagnosing, prog-
nosing, and prescrit*:)g treatment for

patients with glauco
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CASNE T/Glaucoma, the knowl
edge base was virtually completo.
since then it has beoen routinely
maintained and hew information
added by the Japanese glaucoma
oxpert Dr. Yoskiaki Kitazawa. The
program is still available to select
groups for exporimental consulta-
tion.

The researchers’ decision to
switch from glaucoma to
rhoumatology depended on a vari-
oty of factors, but was mainly influ-

_enced by the much greater de-

mand for consultation concerning
rheumatic diseasse. Fhe change
came about 2 years ago when

Dr. Gordon Sharp and other
rheumatologists at the University
of Missouri explained that expert
advice on crippling rheumatic dis-
eases was in short supply outside

- university centers. They suggested

that a computer consultation sys-
tem could provide valuable assist-
ance at primary care clinics.

Drs. Kulikowski and Weiss are
now concentrating primarily on dit-
fuse connective tissue diseasesg,
such as rheumatoid arthritis and
‘mixed connective tissue disease.
Dr. Sharp is a leader in the devel-

L]

opmont of tests and cinitoria for
dotecting and diagnosing mixed
connective tissue disease Tho
computer program will be gradually
oxpanded to cover othor thoumatic
driseasos. In adddion, D1 Wilham
Pincus at the University of Calitor -
nia, San Diego, is helping the
Rutgors researchers dovolop a
knowledge base in goneral rheu-
matology oriented to primary-

care physicians.

The EXPERY/design program, a
maijor factor in the rapid develop-
ment of the rheumatology program,
has alsb been applied with prelimi-
nary success to the construction of
knowledge bases in endocrinology,
clinical pathology, neuro-ophthal-
mology, and internal medicine.

Initial development of a workable
logic scheme for CASNET/
Glaucoma is the reason for the
new system’s rapid success. A
major problem, encountered by all
researchers building aetificial intel-
ligence systems, has been translat-
ing the human reasoning process
into explicit language for the com- -
puter. In medical diagnosis, prob-
lems are relatively complex. As a
rule, physicians do not formalize

A

thon reasonmg, the 1eseachery
say

But CASNE T's reasoning behind
diagnosis and treatment planning,
like MYCIN's, is explained in detail
by the computer, so that physicians
can docide whether to accept or re
ject recommendations. Conclu-
sions drawn by the system are
penodically rovised according to
the progress of each patient attor

- troatment. For complex cases,’

CASNET/Glaucoma includes al-
ternate opinions on various dis-
ease conditions gained from con-
sultants in the Ophthalmological
Network (ONET), a nationwide
group of investigator-consultants
who share in the development and
testing of the system. During
CASNET's development, these
physicians, tied in by telephone
links, presented difficult cases to
the program and weighed its per-

.formance against their own judg-

ment. Their suggestions, following
evaluation, were used to refine the
program.

-~ CASNET/Glaucoma eventually - | -

included diagnosis, prognosis, and
treatment planning. Thg system -
could then forecast a patient's

PUFF, one of the first Al programs in
clinical use: evaluates the patient's
pulmonary function.

| et s e v ettt g et
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progiess under various tharapies
and cite the one most kkely 1o pro
vide the best results.

Such capabilities are far more
dfficult to achieve than might be
imagined. A patient can havg more
than one form of glaucoma, or the
discase may atiect only one eye.
Certain key signs of the disease
may not have yet appeared. Since
the disease is progressive, various
stages of severily will be present i
different patients.”

Once a diagnosis is verified,
other factors such as a patient's
age and sex must be considered,

WT 83.0 G,

DYSPNFA-AT REST
REFERRAL DX-ANGINA

HT 190 CM,
SMOKING 168 PR YRS, €16 4,0 PK OUIT 0, PIPE
, COUGH-YES , SPUTUM-1-3 TBS

as well as possible allergic reac
tons to drugs when treatmentas
plannad. Patieits receiving therapy
may also have different and unex
pected responses. Information ob-
tained during follow-up visits must
be plugged into the computer, and
tha system must rec:':\*mto diag
nosis, prognosis, an catment.
During 7 years of research, Dis.
Kutikowski and Weiss succeecded
to a large extent in building a func-
tional computer-consultant on
glaucoma. Af the 1976 meeting of
the American Academy ef Oph-
thalmology and Otolaryngology, 77

AGE 55 SEX M

0 oorr

0, CICAR O
, MEDS=YES

percent af ophthalmologists sur
veyed rated CASGNLE HGIaticoma
as “expert” or "very competoent”
based on casés presented during a
demonstriation. Since then the sys-
tem has been used on an experi-
mental basis at six medical centers
around the country.

Ono of CASNET's biggest con-
tributions to ophthalmology is in
developing a better understanding
of glaucoma. “In the course of
building the program, there has
been a much more careful defini-
tion of the different observational
criteria necessary to gather data in

ourr 0
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“proved. Software design |

glaucoma cases,” Di. Kulikowski
says "Physicians have used the
project to come up with a clearor
sot 0‘ standards as to how thay do
!iw patticular clinical condition or
parmeular diagnosis.”

But despite its oxpertise and
contributions, CASNET and all
other computer-based medical
consultants will never be able to
overcome a basic limiting factor-—-
the need for interaction with
people.
~ “There are a lot of subtle visual
cues that the physician will get
while looking at the patient,” Dr.
Kulikowski says. “If your diagnosis
and treatment hinge critically on
one of these cues, and if the
physician doesn’t know how to ex-
plain or write them into the rules of
the program, then there is no way

the system’s recommendations can

be correct.”

Although this potential for human
error may never be resolved, there
are certain areas in which the per-
formance and accuracy of artificial
intelligence techniques can be.im-

an important concern for
searchers, can be pagtial

oblems,”

smoothod oul by using computer
systems specitically developed to
test alternate logic schemes Such
systems have boen dovelopoed at
the Rutgers Computers in
Biomodicine Resocarch Resource,
which is directed by Dr. Saul
Amarel.

Drs. Kulikowski and Waiss are
pleased with the transition from
CASNET/Glaucoma to EXPERT.
The old program is viewed as an
important prototype which has con-
firmed that medical reasoning skills
can be captured in the computer.

"This is probably the first time
we can comfortably talk about how
these systems can be taken into
the field and applied,” Dr. Kuli-

‘kowski says. “The EXPERT sys-
" tem in rheumatology, we hope, will

be a demonstration of research
that can be put into production and
evaluated in a practical setting.”

/
PUFF/VM ’

in a collaborative effort be-
tween the Pacific Medical Center

‘(PMC) in San Francisco and Stan-

ford, Drs. John J. Osborn, Robert
Fallat, and Bernard Votteri, special-

ists inrespiatory diseases, and
computer saentists D Lawrence
Fagan, Ms. Penny Ni, M John
Kunz, Ms. Jan Alking, and Ms. Di-
anne McClung pooled their know!
odge to develop the PUETE/VM
(Pulmonary Function and Ventilator
Management) project. Research

. includes development of two sys-

tems, one for the diagnosis and
therapy asseasment of pulmonary
function (PUFF), and the other for
monitoring automatically the condi-
tion and progress of patients con-
fined to intensive care units who
must use ventilators to assist
breiﬁ!ing (VM).

PUPF depends on some 250
decision-makingrules, which are
similar in form to those used by
MYCIN. These rules are used to
interpret a variety of patient signs
related to pulmonhary function.
They were initially drafted from a
set of 100 case studies that repre-
sented a wide spectru?n of pulmo-
na(y disease states, and have
been refined on the basis of 1,000
cases interpreted during the past

year. As with many medical Al'sys-—|

tems, a bonus from developing the
system has been the formalization
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of medical knowledge used i the
specialty.

Unlike many systems, PUFF is
evolving in a clinical setting at the
Pacific Medical Center. “Not only is
PUFF being tested in a clinic; itis
being used regularly as part of the
practice of medicine by the pulmo-
nary function laboratory,” says
principal investigator Dr. John J.
Osborn.

Patient reports drawn by PUFF
are reviewed by a staff physician )
specializing in putmonary physiol-
0gy. Most reports are accepted
without change and are entered
into the patient's record. Others
usually require only slight medifica-
tion, according to Dr. Osborn.

“The staff trusts it,” he says.
“The computer does patiént re-
ports much faster than they can be
done by hand, and it doés them

"~ ore reliably. Of course {the physi-

cians review the data eath time.”

._.The atmosphere of tydst that-cur-

rently exists at the cehter required
much time to develop. “Physicians
deem to go through a series of
reactions g Dr. Osborn explains.
“The first is defensive, Saying ‘No
computer is going to replace me.’

Or. John Osborn with PUFF: “The

staff trusts it.” \

\
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Then when the computer actually

performs well, they take the at
titude that it gives them more time
for other things.”

When using PUFFE, the patient
breathes several times into a de
vice known as a spiromeler, from
which data are-obtained to calcu-
late the volume of air in the pa-
lient's lungs and its rate of flow. A
sensor monitors, the diffusion of in-
haled carbon monoxide in the
blood. From these tests PUFF at-
tempts to identify respiratory
obstruction and restriction, and de-
fects in alveolar-capillary diffusion.
The program also relates these
measureiments to results from
blood-gas tests. Disease types,
‘such as emphysema and bron-
chitis, can be diagnosed.

Any or all of these problem types
may be present simultaneously,
each affecting the severity of the
®hers and thereby complicating

sis and evaluation of the
seriousnéss of the patient’'s condi-
tion. PUFF interprets some 50 pa-

measurements, comparing these
medasured values to heuristic ’
moqels of pulmdnary disease and ™ -
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rameters calculated from the ~

=~

foinformation ganed from the pa
ent's medical history and reforral
diagnoses. '

PULE interprets the physiolog-
cal meaning of test results. Itiden-
tities incomplete or missig dada
and analyzes patient 1esponse o
bronchodilators, if used during the
tests, as well as the consistency of
findings with referral diagnoses. In
this context, PUFF diagnoses the
presence and severity of pulmo-
nary dysfunction.

Program interpretations about
diagnoses are inlended only as
aids to the physician. Another
equally important goal of the proj-
ect, according to Dr. Osborn, is to
expose Al techniques and
methodologies to the medical
communities.

VM, the othefsegment of the
project, is dedicated to providing
clinical advice about patients sup-
potted by mechanical ventilators in

- the Intensive Care Unit-(lCU) at - 1 -

 Pacific Medical Center, But VM
currently resembles a research ve-
"hicle more than an operational tool
for medicine. “Ventilator manage-
ment is really quite well-under-
stood.” Dr. Osborn says. “VMis




davagy of workingg out method o
develop a program with wider use
i intensive care medicine.”
Program designers have fo

cused on metuding in VM the com:
phcated functions that must bo
characterized i ventilator man
agement. For example, VM ex-
plicitly considers the effeét that
time variation has on interpreting
the patient's condition. "Meas-
urements taken at two ditterent -
limes have different meanings,” Dr.
Fagan says. "Measurements taken
immadiately after cardiac surgery
might be within a normal range, but
a day later these same measure-
ments will indicate problems. To
correctly reflect the patienl’'s condi-
tion, VM must change its expecla-
tions for the patient and interpret

" the measurements in new con-
texts.” A

Dr. Osborn hopes to build VM

into a program that can digest all
the data generated in an intensive
care unit, and present o the physi-
cians only the information ngces- *
sary to determine therapy. “When
you get a patient in the intensive

_gare ward, 50 or 60 different quan-
titative measurements are taken.
The Ventilator Management program:
more a research vehicle than a prac-
tical tool for medicine.

Plo o s ey aphraropeat o
numbers, doctors and nuises
somebmes miss important things,”
Dr Osborn says "H0, we are using
VM as a model tor how to embed
chimcal knowlodge into a program
which will model conclusions the
way a chinician does and help the
chnictan catch things that he might
otherwise miss.”

Currently, the system is anatural
extension of on-line computer
monitoring used in the ICU. VM is
designed to obtain and igterpret
some 30 physiological indfcators
that summarize the patient's
status. Changes in status-ate to be
accompanied by suggestions’for
correctivelon and advice on ad-
justing the mechanical ventilator.
VM is also able’to detect ary indi-
cate possible measurementerrors.

The program generates guide-
lines for interpreting data by
analyzing the patient’'s medical his-
tory and current status. These
guidelines are used to establish
upper and lower limits of variation
in measurements. They are ad-
justed as therapy is changed; for
example, when the patient’s re-
liance on the ventilator is gradually

TNITTALIZING RULE:

Ul e appropectd
revined Hindiatons consistently
go beyond either of these levels,
cotnments mcluding therapy sug
gestions are printed out Whenin
chiical use, the physician will be
able to ask VM tor an explanation
betore corrective action 1s consid
ered The program will also advise
physicians when the patient can be
weaned from the ventilator

VM's logic scheme is related to
the one used by PUEF, but the |
knowledge has been structured so
that one ryle can be applied in
maNy different situations. In this
manner, the rules allow quick focus
on knowledge that is relevant tor
difterent situatigps and develop-
ments. . _

VM gathers data directly from

RS TR AN

Jnonitoring insttuments. Physicians

interact with the system only when
they want information. Also VM is
not geared to present a single
diagnosis. It monitors and asses-
ses the patient’s condition every 2
to 10 minutes as new meas-
urements become available.
Evaluating VM or PUFF will be
difficult. As with all Al programs,

disagreements between physician

INTTIALEZE-CMV

DEFINITION: Initialize expectations for

patients on controtled mandatory
ventilatien (CMV) thevapy

APPLTES to all patients on CMV

[F ONE OF:
PATTENT TRANSITTIONED FROM VOLUME TO CMV
PATTENT TRANSLITTONED FROM ASGIST TO Chv

THEN EXPECT THE FOLLOWING

[acceptable range

very |ideal] very
. low low min max high high
| A ' MEAN PRESSURE 60 75 80 95 110 120
HEART RATH 60 110

RXPIRE pCO2 : 28 30 35 42 50

Lnn o el s .




and computer inevitably arise. The
situation is complicated by dis-
agreemeaent among physicians
themselves on diagnoses and the
rules to be used in making them. A
more subtle problem arises when
physicians agree on a diagnosis,
but disagree on the supporting
evidence.

Only a consensus opinion
gathered from a number of experts
in the tield can solve the problem.
Dr. Jack D. Myers of the INTERN-
IST project says medicine, like
Al, is more an art than a science.
“And as such, we need a consen-
sus of artists, if we are to ad-
vance,” he says. To a large extent,
develdpers of programs such as
INTERNIST, CASNET, MYCIN, and
PUFF have relied on consensus
when conducting evaluations.

RX
The advance of Al iechniques
in several projects, particularly

-MYCIN and MOQLGEN, has influ~ - -

enced the design of a new medical
project on SUMEX-AIM called RX.
The goal of the RX project is to de-
veldp a system for extracting

L2

2N

knowledge about the evolution and
treatment of chronic diseasos from
datain patient recotds stored in
computerized clincal data banks.

The RX project is under the di-
rection of Dr. Robert L. Blum, an
internist in the Stanford Division of
Clinica! Pharnmacology, and Pro-
fussor Gio C. M. Wiellerhold of the
Stanford Department of Computer
Science.

“Chronic diseases comprise the
majority of the diseases taking the
greatest toll in terms of death and
disability: arteriosclerosis, causing
heart attacks and strokes, cancers;
high blood pressure; arthritis; dia-
betes; and others,” says Dr. Blum.
“"After years of study, the causes,
best treatments, and natural his-
tory of these diseases are still sub-
jects of controversy. The main
method used to study the effec-
tiveness of therapies in chronic
diseases has been the prospective
trial, randomly placing subjects in

either contrbl or test groups. How-
~ever, this approach has consider- —

able limitations in terms of. cost,

generalization, ease of perform-

arnce, and ethical considerations.”
At a number of centers in the

United States, computenzoed data
banks have begn developed to aid
i the study of chronic discases.
Unfortunately, this effortis comph-
cated by missing or contradictory
data, as well as by potential biases
in the data that may affect the ap-
parent utility ot a particular therapy.

By combining statistical ap-
proaches with Al techniques utiiiz-
ing large knowledge bases, it is
oxpected that the complex rela-
tionships among the many vari-
ables that influence the progres-
sion of chronic disease may be
more clearly defined.

The knowledge base of the RX

project, similar in concept to that of -

the MOLGEN project, will contain

‘ .knowLedge of the various diseases,

symptoms, therapies, outcomes,
laboratory tests, and the many in
terrelationships which exist among
them. The knowledge base will be
used primarily to abstract the key
events occurring in the com-
puterized patient charts. These

- abstracted records will then be

used to assess the degree of corre-
lation between various fMrapies
and disgase outcomes.

The test bed on which the RX
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yoject will be developedis a data

‘aso of arthintis patients. Called
ARAMIS (Amarnican Bhoumatism
Association Medical Information
System), it has been devolopod at
Stanford over the past decade
under the direction of Dr James
Fries. The softwarg which is used
to store ARAMIS-~the TOD sys-
tem for Time-Oriented Data
base-—was originally designed by
Prdtessor Wiederhold.

ARAMIS includes over 10,000 -
patient records, accounting for
20,000 patient-years of observa-
tion. These have been gathered
from six university medical centers.
Since the analysis of such a large
volume of data might swamp even
an intelligent computer, the initial
focus of the RX project will be on
only 270 records of patients with a
single disease type called systemic
lupus erythematosus (SLE). This
malady is a multisystem, chronic,
rheumatologic disease with many
perplexing diagnostic and thera-
peutic questions. Itis of consider-
able interest to researchers
becauss of the Ith gisks associ-
‘ated with both the disease and the
drugs'used to treat it. It would be of

s
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great beneht to know whon treat
mant of SLE- with potentiatly
dangarous drugs - steroids and
immunosuppressants  -is
wartranted or when other torms of
therapy are bost used

Because the X project has
been on the SUMEX-AIM system
for less than a year, only the first
' Bleps have been taken. But if the
program succeeds, it is expectod
that knowledge bases may be de-
veloped for other chronic diseaseas
such as stroke and cancer. Patient
data on these diseases are now
being collected in the same time-
oriented data-base format at Stan-
ford, which will simplity the exten-
sion of the RX project to these
domains.

ULTRASONIC
IMAGING

Building on past experience in
the use of corhputers and ultra-
sound techniques,Dr. James F.
Brinkley, physician and®computer
scientist, and Dr. W. D. McCallum,
physiologist and obstetrician, both

* at Stanford, have proposed the de-
velopment of an ULTRASONIC

IMAGING Lystem to model body
organs in throe dimonsions.
Models would be used to study
anatonuc structures noninvasively
and to determine the volumae of
organs Data obtained would be
applied to chnical diagnosis.

“Initially, the system would be
used to determine the volume of
the fetus as an indicator of its
weight,” Dr. Brinkley says. "Later it
might be adapted to measure
volume of the liver, the kidney, or
the left ventricle of the heart, for
example.”

He explains that weight is an im-
portant indicator of fetal health. -
Small babies generally do poorer,
than larger ones, he says. Rate of
growth is an indicator as well.
Fetuses that are small compared
to the average tend to experience
difficulty following birth, which
sometimes leads to death. Physi-
clans believe that suet‘etuses
may be suffering from
cles and that early diagnosis and,
delivery might prevent certain
complications. Further, recording
growth curves would aid in under-

standing normal physiology of the -

unborn. :

sufficien- -

Ll
t\.




Conventional ultrasound tomography
- of exciSed brain tissue: adding Al
program may dramatically improve
accuracy of the technique.
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P astjattompts to use ultrasound
for thoge purposos pmdmtod inac:
curate osults One 1gason Appat:
Qntly wasgan inadequate imbet of
mbasuromontg, Dr. BrinKloy says.

“Thd mothod we gre working to-
ward is based on the assumption
that fetal weight is diroctly 1olatod
to voluma since the density of fetal
tissue is nearly constant,” he says.
“We hope that by using three-
dimensional information more ac-
curate volumes and, as a result,
weights can be obtained.” -

Iy addition 1o its use in predicting
fetal weight, the system might be
used to determine the volumes of
other organs. Volume of the heart's
left ventricle is routinely obtained
by means of cardiac cathetorizar

tiort in order to help characterize its

condition. “Use of three-dirmen-
sional ultrasound should provide
an accurate, noninvasive means of
assessing the state of the left ven-
tricle,” Dr. Brinkley says.
Three-dimensional imaging is
expected 10 rosult from a series of
ultrasound cross sections taken in
an arbitrary fashion over the organ
to be imag he ultrasound
scanner will b coupled to a

. R
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position Jocating system $o the
onentition of aach sgan will be
known | ator a ight pen will be
used manually to skotch in the
borders of the organ of fotus tor
input into SUMEX The computet
will then combing the position and
light-pen infor mation into a recon:
struction. Once tho light-pen sys
tem has been shown to give accy-
rate results, the lhreo-dimensional
ultrasound modal will be used 10
guide tho computer in outlining
borders automatically.

Psychology

Most clinical and biochemical
applications of A\ attempt to cap-
wure the effectivéness of human
expertise without necassarily trying
1o model what goes on in the
human mind. Many applications in
psychology, however, are aimed
specifically at constructing working
models of human cogniwye be-
Wavior. Those systems are basi-
cally intended as research tools.

‘S

ACT

AL models of hutman cognition,
includimg maemaoty, inforential rea
soning, |zmguagupro(:m;s;ing, and
pmhknn—so|vmg, are being assonmr

bled at Canegie-Mellon University

under the direction of Dr. John An-
derson Known as Acquisition of
Cognitive Procedures and nick-
named ACT, the program is In-
tonded to reprosent the dovelop-
ment and performance of
decision-making. In essence, ACT
is a basic research project in Al
containing a logic schome that may
be transferable to applications in
specific areas in or outside of
medicine. :

“We hope that future versions of
ACT will resemble very closely the
process by which people learn to
make decisions,” Dr. Anderson
says. "We could then apply this
mode! of skill acquisition to suth
medical domains as diagnosis and
scieptific inference.”

ACT's knowledge base consists
of two components. One contains
facts and serves as the program’s
memqry—wessentially a data base. -
The other Is a set of rules used to




‘/

make decisions based on what is
contained in the memory.

As a result, new decision-making
rules must be conceived and old

" ones modified on a continuing

basis. Dr. Anderson and colleagues
have built learning functions into
the ACT program to accomplish
this. New rules are automatically
created; old rules are assesfed,
adjusted, combined, and some-
times thrown out.

A stumbling block in all learning
systems is that rules commonly
used in human decision-making
often defy description, even by
those who use them. Dr. Anderson
says the system can create new
ruleg only to the extent that people
understand the skill to be acquired.
Because this would leave gaping
holes in the decision-making ma-

.. Chinery, a fallback has been built

in, .
For relatively unstructured situa-
tions; ACT usgs trial-and-efror. The
approach is an intelligent set of at-
tempts to find the correct answer
based on.what has been learned
by past mistakes. Tests of the sys-
tem’s ability to learn have been
conducted. Recently the program

. »

was taught to gencrate and explain
prools in geomedry, using some ¢
troductory exercises in high school
textbooks. The system success-
fully created new decision-making
rules and amended or discarded
old ones. It also learned ways to
1eorganize its seaich for mathe-
matical postulates so as to in-
crease speed.

Simulation of
Cognitive Processes -.

Although ACT is continually
being revised, versions are “fro-
zen” at various stages of develop-
ment and made available to
researchers throughout SUMEX-
AIM. One version has been applied
by Drs. James G. Greeno and Alan
M. Lesgold at the University of
Pittsburgh to model the acquisition
of réading and problem-solving
skills. Entitled Simulation of Cogni-
tive Processes, the project centers
on modeling the processes in-
volved in arithmetic and reading.
These two skills were chosen be-
cause they are very basic cogni-
tive requirements for getting along
in the world,” Dr. Greeno says.

The projectis founded on
studies showing that vanous word
processing skills and anthmetic
procedures are underdeveloped in
children who do poorly in reading,
mathematics, or both. Models are
being developed to tost this belief
One simulates the process of solv-
ing simple word problems. It is in-
tended to determine the degree to
which semantic and linguistic fac-
tors, rather than arithmetic knowl-
edge, are responsible for children’s
difficulty in solving these problems
at early grade levels.

“By providing a framework in
which the effects of different levels
of skill acquisition can be under-
stood, we hope to provide criteria
that will separate patients who
have brain damage from those
whose cognitive skills have devel-
oped poorly,” Dr. Greeno says.
“This is not something that we ex-
pect to result from our work in the
immediate future. It is an example
of what we hope to achieve."

Higher Mental Functions

The Higher Mental Functions
project being conduocted at the

S - T




DL‘- - HELLOQ
Pt. = HELLO
(Feal: Sham O ANCR 0 FEAR. O' DSTR 0: INTR 0" JOY 6.98)

Dr. - MY NAME"IS DR.. FORD..
Pt. - GLAD. TO MEET YOU
‘ (Feel: SHAM 0 ANGR'O FEAR O DSTR' 0° INTR O JOY 7.39

Dr.. - WHATS YOUR NAME PLEASE?Y
Pt. = PAT SMITH )
(Feel: SHAM 0.50. ANGR O FEAR 0 DSTR 0 INTR 2,00 .JOY 8.24)
(Conclude: DINITIATING DDRNOW DDHELP DDINTERAC. DSOCIABLE
DTRUSTWORTHY DCHELP)

IS THAT PATRICK OR PATRICTIA?

I'M A MAN
(Feel: SHAM 0.30 ANGR 0 PFEAR O DSTR 0 INTR 1.%0- JOY 8.24)
(Conclude: DHELPFUL DDHELP DCHELP)

<o g

o

HOW OLD ARE YOU?

TWENTY-ELGHT
(Feel: SHAM 0.10 ANGR 0 FEAR 0 DSTR 0 INTR 1.h0 JOY 8.24)
(Conclude: DHELPFUL) : .

X
G

HOW CAN. I HELP YOQU?
I WOULD LIKE TO BE. DISCHARGED: NOW
(Feel: SHAM O ANGR 0 FEAR 0O DSTR 0 INTR 1.40 JOY 8.24)
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L
e

- ,._‘ct‘
i
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WHY ARE YOU HERE IN THE HOSPITAL NOWY
I HAVE BEEN SOMEWHAT UPSET
(Feel: SHAM 0.40 ANGR 0 FEAR 0 DSTR 0 INTR 2.94. JOY 8.24) .

ABOUT WHAT.
PEOPLE GET ON MY NERVES. SOMETIMES
(Feel: SHAM 0.10 ANGR O FEAR O DSTR 0 INTR 2.64 JOY 8.04)

WHAT DO THEY DO?
DO YOU KNOW ANYTHING ABOUT BOOKIES
(Feel: SHAM 0.20 ANGR O FEAR O DSTR 0 INTR 4.35 JOY 7.68)

NO
I HAD AN ARGUMENT WITH THE BOOKRIFE WHO DID NOT PAY OFF. LATER ON
I REMEMBERED HE HAD FRIENDS IN THE UNDERWORLD AND T THOUGHT HE
WOULD USE THEM TO GET EVEN WITH ME
(Feel: SHAM 0.29 ANGR 0 FEAR 0 DSTR 0 INTR. 5.59 JOY 7.39)

DID HE?
WHAT DO YOU KNOW ABOUT THF. MAFIA.
(Feel: SHAM 0.08 ANGR 0 TFEAR 0,40 DSTR 0 INTR 5.39 JOY 6.99)

IS THE BOOKIE CONNECTED WITH THE MAFTA?
YES I KNOW FOR A FACT THEY CONTROL THE BOOKRIES
(Feel. SHAM 0.40 ANGR O FEAR 0.69 DSTR 0 INTR 6.13 JOY: 6,59)




'REALLY?

‘YOU KNOW, ‘THEY KRNOW ME
(Feel:s :SHAM 0 ANGR 2,40 FEAR 1.63 DSTR 0 INTR 6.15 JOY 5.79)
{Conclude: *DSIMILAR ¥DSOCIABLE)

‘HOW?

THEY ARE QUT TO GET MF
(Feel: SHAM 0 ANCK 1.80 ¥PFak 2.15 DST'R O TINTR 5.85 JOY
(Conclude: *DINITIA'ING ®DDOMINATING)

*WHY 1S THAT?
YOU KNOW, I 'HAVE INCRIMINATING EVIDENCE AGAINST THE MAFIA
(Feel; SHAM 0 ANGR 1.20 FEAR 2.25 DSTR 0 INTR 5.55 JOY 5.25)

‘WHAT EV1DENCE?
‘T *KNOW WHO "THE LOCAL. CHTEF OF THE MAFIA IS
(Feel: SHAM 0.32 ANGR 1.44 FFAR 3.16 DSTR O “INTR €.26 JOY 5.23)

SO DO 1.
‘WHAT DO 'YOU THINK ABOUT ALl THIS?
(Feel: SHAM 0.50 ANGR 1.5]1 FEAR 3.64 DSTR 0 ‘INTR 6.93 JOY 4.77)
(Gonclude: DHOSTILE *DTRUSTWORTHY *DHELPFUL “DDHELP)

-~ T FIND IT '‘HARD TO BELIEVE,
w~<ARE YOU TRYING TO 'SAY -SOMETHING?
‘(Fee.1; SHAM 5.34 JANGR 3.91 FEAR 5.86 DSTR 4.00 INTR 6,73 .JOY
5426
(Conclude: DNEELTEVE LYTNG DARNORMA1L)
=~ DO "YOU KNOW WHAT YOU'RE DOING? LET'S QUIT RIGHT NOW
[This is an afterthoupht, interjected by the patient-model
before the Dr. had responded to tue prior statement, |
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- I'M SORRY.
~ (EXITS) T .DON'T WANT 'TO TALK ANY MORF
(Feel: ‘SHAM 8,78 ANGR 3.9 FEAR 6.37 DSTR 7.81 INTR 7.60
1.45)
(Cenclude: DBAD iIDDHARM DGANGSTER :DMAFIA #7180)

.
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PARRY: simulating the,thought pro-
cesses of a paranoid patient.
{Dr—indicates the doctor’s ques-
tions: Pt.—indicates the model- )

- patient’s answers. Feel: The model-
patlent’s emotional state is rated on a L
scale from 0 to 10 along several di- i
mensions: SHAM is shame, ANGR is
anger, FEAR is fear, DSTR is dis-
trgss, INTR in interest, JOY is joy.
Conclude: The computerized patient -
forms opinions about the doctor who

4s conducting the interview. A lead-
ing “*" meams "NOT" and a leading
D" means "DOCTOR").
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Univorsty of Caltoiag, L os
Angeles (UCLA) 1s devoted to re
searching personahty problems,
specthcally paranota and adult
neuroses Anofher segment of the
project wvolves development of
devices that will allow patients with
language disorders, especially
those who have suffered stroke, to
speak  All three areas call for the
development and use ol At pro
grains :

Under the ditection of Dr. Ken:
neth M. Colby, a psychiatrist at the
UCLANeuropsychiatric Institute, a
computer simulation of paranoid
thought processes is being con-
structed. Called PARRY, the simu-
lation is used lo test the consis-
tency of a theory describing the
pathology. PARRY also serves as a
training’device in teaching students

-or psychiatric residents about vari-
ous agpects of paranoia. The pro-
gram has proved its ability to"do

. both.

Recently PARRY was inter-
viewed by five psychiatrists via
teletype. Each was granted two \
interviews. The psychiatrists were
advised at the start that they would
be communicaling with either a pa-
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task to distingush the paranod pa
tent rom the simalation In the
test, PARRY s responges matched
those of the patanowd patent so
closely that the p:.y('hi\"-mhinl'; could
not tell the difference between tho
two.

Although the test does not prove
that the theory on which PARRY 1e
hes is all-inclusive, it shows thal
tho theory contains enough facets
of the paranoid personality to con-
fusa experls and to serve as a tool
in teaching students about the
pathology.

In using Al techniques ta classily
neuroses, Dr. Colby hopes to
sharpen the rules that identity pa-
tients with different neuroses. He
says the olfficially accepted means
of classitying palients is unreliable.

“The idea is to find a beller clas-
sification scheme, and one way is
to find groperlies or characteristics
of each neurosis,” Dr. Colby says.
“The scheme as it now exists de-
pends on recognized signs and
symptoms of the patienl.”

The program is bein@ designed

1o work opposite to the way

tent o a computer \1,\‘. theu

““PARRY operates. Rather than in-

terpretneg queshiont presented Iy
interviewers and retarming
paranod answaers, the Al program
in newrosos must take ngurolic an
swoers and work backward to the
underlying concepts or key tdeas
that distingtnsh the patient’s
pathology from those of other pa-
tents Those koy ideas would than
bo clustored to form (Im‘*:()hla of a
certain type of patient, Dr Colby
says

“A key idaa for the profito of a
dopressive patient might be 't am
someoneg who should get more
help.” In a normal person, this
might come up only once or twice
in ah interview. In a depressive
person, the idea will surface again
and again.”

Seven expart psychiatiists and
psychologists at the UCLA
Neuropsychiatric Institute are col-
laborating qn the neurosis project.
Al prasent the work is in the “ex-
ploratory pilot-study stage,” Dr.
Colby emphaisizes. The program
that will group key ideas into pro-
files is not yet written. But gafflica-
tion of Al to speech prosthosis has

‘progressed to an advanced point.

In the past several years, Dr.

-—
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Colby and colleact:es have de
stgned and constructed threg
speeoch devices, each composed of
portable microprocessors and
voice synthasizers. Patients use
symbols that are translated by
more than-a thousand roles into
verbal languags. ’

One device is specially suited to
patients who have suffered cential
brain damage due’to stroke, tumor,
or head ttauma. Because these pa-

tients have difficulty remembeiring
" certain words, the device main-

tains a vocabulary important to the
specific patient and helps the per-
son by offering various candidates.

“Arstroke patient might want to
say ‘chair’, but can't remember the
word. But he dogs remember the
word 'sit’. The program then gen-
erates a list of possible words, and
the patient just has to hit the
number of the right one,” Dr. Colby -
sa

Devices for patients not so se-
verely handicapped do not include
this function. Such patients might
be victims of cerebral palsy, Par-
kinsonism, laryngectomy, or might
have tracheostomies. Their major
problem is only in speech and pro-

"

nuncrahon

The two typoes of devicos, each
no larger than a cosmetic caso and
weighing only 8 pounds, feature a
large vocabulary of words which
can ba constructed by using the
tnglish alphabot and a keyboard.
The programs aro used in micro-
processors, but were developed
and are being refined on the
SUMEX computer. Of particular
use, Dr. Colby says, is the exten-
sive English dictionary that is
available. He and colleagues have
used the dictionary to wiite and
test program rules. Memory and
word-finding functions are also
being refined through use of the
computer dictionary.

Dr. Colby explains that rules of
pronunciation for each letter of the
alphabet are written into the pro-
gram. The rules first identify the
context in which the letter appears
and then how the letter is pro-
nounced in both usual and special
cases. The electrical codes of the
letters are assembled and passed
on to a commercial voice synthe-
sizer, which simulates the sounds
of speech.

Patients hear the words first

0y

L}
through a tiny ecarplug spoeaker,
which gives thom a chanco to cor
rect mistakes. Although words
generated by the synthesizer are
usually accuratg, the process of
commmunicating can be tedious for
both sides of the conversation,

“It the patient is typing very
slowly, the listener gets impatient,”
Dr Colby says. “Theie’'s a solution,
but it's even more complex than
what we are working with now."

By using symbols that represent
concepts rather than letters, basic
ideas tould be transformed into
speech. For example, the concept

~of atfection might be portrayed by

a heart with an arrow pointing up.
Unfortunately, the exact type of af-
fection is not indicated by this
symbol. As yet, a means to natrow
concepts until they fit the context w.

.precisely is not available.

Despite the disadvantages of
speech prosthesis devices now in
use at the UCLA laboratory, they
are a major aid for handicapped
patients. “A speech prosthesis is a
godsend,” Dr. Colby says. "If you
can't talk, life is hell.

"All the attempts to use.telelypes
have failed because people want




to heat a vorce And bocause
many of the patients who have
speech problems are homebound,
thoy do all their communication
over the phone, and a teletypo
can't work in that case ™

The throe devices at UCLA have
been usod repeatedly by patients,
and Dr Colby says they are recady
to be offered to a mass market,
excep! for one stumbling block
The business world, at the present
time, is not interested.

“In the sixties, you could find all
kinds of people who wanted 1o in-
vesl in computers, but not today,”
he says. "We need a ‘plunger’ or a
humanitarian willing to man-
ufacture the devices.”

Each speech prosthesis built
from spare parts ircthe laboratory
costs about $2,000. If mass pro-
duced, Dr. Colby says, the cost
could drop to as low as $500. But
most large electronics firms are
looking for broad markets, rather
than specialized medical ones, l'!r.
Colby sas. So he and his team
are concentrating their efforts on
refining and further developing the
devices. ' -
Dr. John Eulenberg (left) and speeach
pathologist Ms. Sue Ravlin of the
Communication Enhancement proj-
ect with Mr. James Renuk, a victim of
cerebral palsy: “We're looking for a
means of communication that will
give people with cerebral palsy the
most output for whatever input they

‘can provide.”
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Communcation
t nhancement

D Colby consults with Dis John
t ulonberg and Carl V PPago, com
puter scientists ot Mt(‘lng;.m‘.‘;t:tt(*
University, who are now directing
the COMMUNICATIONEN
HANCEMENT pilot project Then
goal also is to design intelhgent -
spoech prostheses tor persons
with severe communication hand
icaps. Proposed research mcludes
the design of input devices that
can be used by persons whose
movement is greatly restricted, de-
velopment of software for text-to-
speech production, and production
of a microcomputer-based portable
speech prosthesis.

In 1978 project scientists de-
signed and built a portable com-

> munication system tor a 10-year-

old boy with cerebral palsy who
-cannot speak or use his hands to
write. Although only partially suc-
cessful, the device influenced de-
sign of a lap-board communication
aid, which was completed early in
1979. Called SAL (Semanticaliy
Accessible Language), it translates

'
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Blee ymbolomto spohken lan
guage  The communmeation sym
bols, named attes then mventor,
¢ K Bhss, are used by people
who have sulleredagorain damage
Spectheally, those symbols are me
terpreted by the semanhe, nonves
bal side of the bram '

~When using the lap board, pa
tents choose symbols for vanous
words These are translated by &
microcomputer into orthographic
and phonete strings which are
turned nto sounds by a voice
synthesizer and mnto typed words
by a visual display unit. Grammar
rules programmed into the com-
puter guide the production of sen-
tencos.

"When a person makes the
symbol for himselt, it will come out
either ‘mo’ or 'l," depending on
whether it is the subject or object
of the sentencoe,” Dr. Page say&._
“These decisions are made by
grammar rules contained in the
program.” b

But vastly extending the intelli-

. gence of the program is necessary
before project goals are met. “itis
a very painful process to com-
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municate with people afflicted by -
cetebral palsy They'te very, very
slow. An enormous amount of con-
centration is gequired to make
these symbols,” Dr. Page says.
"What we're really looking for is a
means of compunication that will
give them the most output for
whatever input they can provide. It
has to do with finding the appropri-
ate language or vocabulary to ex-
press thought. It's not just ajpha-
betical letlers; it's ot words; and it's
not grammar. It is some combina-
tion of these things. One approach
is to build a very intelligent -
knowledge-gased system, one that
can infer what the person means
with a minimum of input.”

L
Hierarchical Models of
Human Cognition

_The complex cognitive pro-
cesses that underlie text com-
_prehension and planning are being
explored in another project only re- ,
cenlly accepted into the SUMEX-
AIM community. Direded by Drs.
Walter Kintsch and P¢lter G. Pol-
son, the HIERARCHICAL
MODELS OF HUMAN COGNI-

TION projéetis partly focused on
developing modols of the pro
cosses peoplo use to understand
information and plan actions. Dr.
Kintsch is studying the means by
which people understand and
summatize texts. He hopes to de
tlermine ways to improve tho
readability of texts. He b(l%)vos
that an explicit theory of Aormal
comprehension might lead scien-
lists to the factors that cause learn-
ing problems in children, as well as
suggest ways to overcome these
problems.

The other focus of the project,
which is under Dr. Polson's direc-
tion, is modeling how people
create plans and design complex
systems, Specifically, Dr. Polson
and colleagues aretudying and
compatring how experts ard
novices use their knowledge to de-
sign compulter software. Given a
coherent formulation of these
processes, aids could be devel-

oped that would help people per-

form this task.

BELIEVER

Usihg the framework provided by

artdiciab intelbgence, e Charles

b Scehmidl, a psychologist, and

Di. N S. Sndharan, a computor
scientist, both at Rutgers Univer-
sity, are 1efining a theory of human
information processing. Their goal
BRI define thd way people assem
ble tacts mto a coherent, under-
standable pattern.

The program, called BELIEVER,
is used to construct and test a psy-
chotogical theory called BELIEF,
which is intended to explain the
process people use in understand-
ing the observed actions of others.
The scientists present situations to
the computer and compare its in-
terpretations with those of human
subjects. If the two sets of interpre-
tations-match, the theory gains
support. It they do not agree, the
theory and the program may be al-
tered, depending on the degree of
contradiction. :

Although descriptions fed into
the ¢computer are very precise, the
BELIEF theory is composed en-
tirely of general principles. The re-
searchers hope to define the broad
ideas that govern interpretation of
actions, regardless gf culture.

“BELIEVER is a framework in

N




whnch to Sxtend the theory o that
sense, tho project s nevar-
ending.” Dr Schomdt explains "Ity
hke 1eadmg books feom a hbrary
You expect to fiind answaors, bul
you don't expect to ruh out of

books ” o/
Al Tool Quilding

At present mary of the r1e-
searchers in SUMEX-AIM design
and buld systems to suit their own
specific neads One side offoctis a
certain amount of duplication of ef-
fort. "The eftort of such redevelop-
ment is very large for such highly
complex computer projects as the
knowledge-based inference pro-
grams beirrg developed in
SUMEX-AIM,” Dr. Feigenbaum
says. “But we are taking important
steps in sharing programs that al-
ready exist and learning to build fu-
ture programs that can be inore
~ easily shared.” ‘

SUMEX-AIM community mem-
bers have been successful at a
type of community-building activity
that has been called "budding.”
Projects intended for use in one
area of medicine have provided the

toundation to de-agn sy sleme,
ammaed at others For example,
CASNE T/Glavcoma has led to an
other project dealing with
rtheumatology MYCIN, which was
designed to assistin presceribing
therapy for patients withintectious
discases, bps spawned projects
that have application to phai
macotogy (HEADMIE D) and pul-
monary disease (PUFE/ VM) An-
other example of sharing is the
adaptation of AC1 programs by
Drs. Greeno and Lesgold to simu
late the comprehension procossoes
in children performing arithimetic
and reading tasks.

According to Dr. Feigenbaum, a
long-term goal of SUMEX-AIM is to
develop program frameworks that
can be applied more genorally.

¢
¢

Attempt to Generalize

One effortin this direction is a
system called AGE (Attempt to
Generalize) being developed by
Ms. H. Penny Nii and Dr. Feigen-
baum. Itis intended to "despecial-
ize" software, making knowledge
engineering more generally avail-
able to the scientific Community.

“Propectoon SURME X AIRY och
as DENDHAL . MYCIN, and
MOL GE N have been creating intel
hgent agents Lo assist human
problem solving n task domams of
modicine-and bioloqgy,” Ms Nif
says "Without exception, the pro
grams wore handorafted. Thes
procass fakes many years, both for
Al scientists and for experts in the
tield of collaboration.”

AGE. grew out of HEARSAY, a
spoech-understanding program
that gnvisioned a base containing
knowledge of many different types.

“As aresult, AGE is suited to the
© design Ql many dilferent programs.

She hopes that the program will
evolve someday into a means of
building programs for widely ditfer-

-ing purposes, thereby simplitying

the process of wriing software. A
long-range goal, Ms. Nii says, is to
allow researchers with only a
rudimentary understanding of
computer science to design spe-
cialized Al systems by using AGE.
The program is now available on
the SUMEX-AIM system, and has
been usead to design several exper-
imental programs. One of these is
being developed as part of Drs. |

L
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Kintsch and Polson's text com-
prehension projoct.

Al Handbook

In another cope 1esearch effort
aimed at speeding the dissemina-
tion of information about Al tech-
niques, Dr. Feigenbaum, M. Avion
Barr, and colleagues are assem-
bling a handbook of artificial intelli-
gence. In final form, the handbook
will contain some 200 articles
covering the most important ideas,
techniques, and systems developed
during the past 20 years of Al re-
search, Dr. Feigenbaum says. The
articles, each about four pages
long, will be written in language
suited to the student of Al, as well
as to professionals outside the
field.

“Published research is not gen-
erally accessible to oufsiders, and
elementary textbooks are not
nearly broad enough to be useful
to scientists working in other disci- "
plines who want to do something
that requires knowledge of Al,” Dr.
Feigenbaum says. “The handbook
will fitl this gap.” ’

Later this year, the first of two

-

volumes 1s expected to be printed.
It will cover teohniques for heuristic
search, knowlédge representation,
Al programming languages, natural
language understanding, speech
undorstanding, application otiented
research in Al, and automatic pro-
gramming. The authors represent
both academic and private re-
search centers. - .
“"When it is finished, there will be
no comparable resource for Al re-
searchers and other scientists who
need descriptions pf Al tech-
nigues,” Dr. Feigénbaum says.

—
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Future
of Al

Prospectus

Computers cuirently touch all
segments of society, both military
“and avihan Theyguide defense
efforts, compute bills and taxes,
control fraffic and mventonies, and
supply educational and administia
tive services In short, society
would be crippled if all the com
puter plugs were suddenly pulled.

As computers become “smairter,”
some scientists believe they will be
given more responsibility. "By the
turn of the century, there will be a
lot of computerized professional
decision-making,” Dr. Herbort
Simon says.

The role to be played by
SUMEX-AIM in developing this po-
tential is unclear as ybet. Currenﬁ)y.

“the network is a major force in
basic research and development of
Al Many of the systems that now
use Al techniques for medical
decision-making were developed
using the SUMEX-AIM computing
resource. Several programs are
able to reason in specialized areas

. at the same level as experts.
Some are already in test use. .
Plans are being made to apply
others in chemistry laboratories,
hospitals, and outpatient clinics.
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Inrecent years this natanwide
system has attempted to grease
the wheels that cany Al products
into the marketplace by making the
programs apphcable to practical
needs and easier to use. Although
this 10le is somewhat beyond the
strict confings of basic research
and development, SUMEX-AIM re-
searchers say it is necessary to ob-

formance of their programs in prac-
tical applications and to combat
what they term the "development
gap.” Essentially, this gap is the
void that currently exists betwaen
prototype and finished product—
the product tor which there is a
market in the real world.

The aerospace industry is a
well-established medium for devel-
oping new projects in that field, but
no such industry yet exists for Al. It
is simply too young, too much of a
risk for business to jump into
whole-heartedly., This is not to say
that business has turned its back
on this branch of science. Some
companies have expressed inter-
est. But their interest must be en-
couraged by showirg the worth of
Al programs, researchers say. This
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may be accomplished by develop
ing a few select programess that e
in advanced stages and are com
patible with practical apphcations.,
The argument for pushing these
systems into clinical and laboratory
setings is formidable.

The CONGEN program, which
evolved from DENDRAL , has been
a pioneering research offortin Al
An extraordinary amount of addi-,
tional effort has been expended to
develop this program for real-world
use —an effort that extends far be-
» yond the money involved. Dr.
Joshua Lederberg views the pro-
gram as a prototype that may
bridge the development gap.

“Itis of very serious concern that
the entire enterprise of research in
this area is going to be judged at
some point by the utility of this par-
ticular example,” he says. "I dont
think this kind of effort would be
likely to be répeated, and hopefully
wouldn't have to be. Having had
one successiul instance of getting
something started on the road to
where it could be marketed, private
companies could be convinced at a
much earlier stage that other proj-
ects would be worthwhile to pick up.”

© vy " N

Thoe SUME X AIM resource soon

will b making a special machine

avallable to help move Al pro
grams into the redl world This
limited capacity system will be
tethered by communication lines to
the maimresearch computer, which
resides at Stantford, and will bo
compatible with the languages
used for programs ke DENDRAL,
INTERNIST, MYCIN, and SECS.
When installed, the new machine,
called DEC 2020, can be dedi-
cated 10 tests of the programs in
real-world arenas such as clinics or
chemisltry laboratoties. According
to Mr. Thomas Rindfleisch, the ex-
perience should provide critiques
vafable for the further develop-
ment of these programs. Also,
practical demonstrations may help
convinoe private industry and sci-
entists that these programs are in-
deed useful.

Dr. Dennis Smith of the DEN-
DRAL project says this is the best
way to convince people such pro-
grams are useful-—"to have people
sit down and use the programs,
and see exactly what they can and
can't do. People who have done
that with CONGEN feel that the

program could dramatcally m
crease then prodactivity ™

Programs that have ventued
outsido the laboratory have por-
tormaed quite respectably. But, even
though their performance nught
have been shown to he excellent,
they have been put 1o only limited
use, pointing up a serious short-
coming. ‘

“Itis an error to concentrate only
on improving the computer's abulity
o make decisions, when success
depends on solving other problems
of acceptance,” Dr. Edward Short-
litfe concludes.

Paying more atjention to "human
engineering” will make computers
more acceplable to physicians.
“Doclors are just not going to sit at
a terminal that they don't know
how to operate or don’t have time
to use,” Dr. Lederberg says. “Voice

ntry of data would make a very
big difference, and there are some
other technologies that need to be
incorporated into these systems.”

"Suggested ways of reducing re-
sistance range from improving the
mechanics of interaction with the
computer to building features into
the programs that make them ap-

Dr. Dennis Smith, member of the
DENDRAL project: "We have to show
scientists that Al programs can
amplify their abilities.”
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pear moie clearly as heiptul tools
sather than complicating burdens
These include using display termi-
nals equipped with hght-pens, spe
cial keyboards, color, and graphics
Also, programs should be de-
signed to require no more time to
operate than physicians currently
need to accomplish the same tasks
on their own.

“The tasks Al programs are
being designed to do roqttire, at
present, a lot of time or drudgery
on the part of the professional,” Dr.
Smith says. "By giving these func-
tions to the computer, the person
no longer has to ‘spend time worry-
ing about certain aspects of the
problem and can direct his atten-
tion to those aspects for which
there is no program. We have to
show scientists that Al programs
can amplify their abilities.”

A more complex and essential
point concerning human engineer-
ing features is that each program
should “know” its limitations and
be able to convey that information
to users. Experts tend to put more
trust in people and, by extension,
Al programs that admit ignorance
when appropriate, according to Dr.

" Mr. Thomas Rindfleisch, director of

the SUMEX computing facility: "So-
ciety must learn to use these tools ef-
fectively.”

Bruce Buchanan

“It would be very easy for a pet
son using CONGLE N to beheve that
the answer is exactly what the pro
gram tells him,” Dr. Buchanan
explains "But f the set of assump
tions in the program is not appli-
cable, then the answer is going to
be wrong.”

Through knowledge of its own
scope, a program will know
enough to warn users about its -
itations. Whether people will heed
these warnings, however, is un-
known. "There is a very real
danger that programs may become
bureaucratized prematurely as
monitors of performance, ¥Dr.
Lederberg says. "They may be
used as external monitors of a
physician’s or scientist's pertor-
mance, to the detriment of good
medicine and .good science. | think
some people might conjure up
fears about the abuse of such
tools, and some of those fears

might be quite legitimate.” Says Mr.

Rindfleisch, "Society must learn to
use these tools effectively.”

But the future seldom fulfills
prophecy. No one can judge what
will occur on the basis of current

T

hardwane o techniques, because
these will undoubtledly chango in
unpredictable ways, just as the
butky vacuum tube was replaced
by integrated circuits and plug-
and socket programming gave rise
to software Contioversial specula-
tion on how far the computer will
dovelop only distracts from useful
discussion of what the computer is
cgpable of accomplishing in the
next few decades, and the prob-
lams that must be hurdled in reach-
Ing its potential.

Al researchers agree that much
work remains to develop
knowledge-based computer pro-
grams into more eftective tools and
to exploit their potential over the
next few decades. Experience and
the slow progress of the past 2 de-
cades underscore the immensity of
problems yet to be resolved.

Dr. Buchanan recalls the expéﬂ
ence of building the DENDRAL
program. Work was limited in the
early years by the size of available
computers, but mostly by the pro-
gramming techniques available.
For over a decade, researchers
became more and moré ambitious
in the size of the areas they were
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willing to tackle. But these arcas
stll have {o be mited 1o relatively
small domains, at least in the fore
seeable futurg, he says. »

Dr. Feigenbaum agrees. Be-
cause there is no way to represent
enough knowledge in the machine
to cover an entire aiea, such as in-
fectious diseases, programs must

limited to subareas. Through

the late seventies and early
eighties, it will not be possible to

ake more than a large dent in
such open-ended problems, he’
says. As a rasult, work will con-
tinue on problems that are very
nearly self-contained. “If almost all
the relevant knowledge can be
captured, and there is very little in-
teraction with anything outside that
specific subarea, then the chances
are good that successful programs
can be produced,” he says. “Once
this nucleus is in hand, more and
more difficult problems can be ad-
dressed.”

Research is already under way
to generalize the capabilities of -
some programs. “Early in the
game, we took chemistry rules for

DENDRAL out of the heads of Dy.

‘Carl Djerassi and other chemists,”

Dr. Joshua Lederberg, president of
Rockefeller University and SUMEX-
AIM advisor: “We're'nearing the time
when textbooks will be read and in-
terpreted by machinegs.” '
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D Buchanan says "Meta
DE NDRBAL 15 now trying to got to
the stage of automatic rule genera”
~tion orinfarence of generalized
“rules from specific observations. In
this sense it is a second-genera:
tion program  -the next higher
tayer” Ulimately it may be pos
sible to build a system that can -
bodtstrap its way up, with human
guidance, to higher and higher
levels of reasoning.

Another major hurdle in the de-
volopment of knowledge-based
programs is the assimilation of
existing knowledge. Dr. Lederberg
predicts that the knowledge base
will soon be the equivalent of a
library. He says several steps are
needed to make this happen. First,
libraries will have to become "ma-
chineable.” This is taking place
even now, glthough mostly for the
retrieval of documents. But, in-
creasingly in the future, documents
themselves will be_machine-
COCI}JOSGd. “There will be manual
entry to be sure,” he says, “byt
whatever hard copy comes 9Zt will
be through the computer.”

Second, information will be ac-

. quired using natural language.
»

"We're nearing the time when
textbooks will be read and inter
preted by machines,” D Leder-
berg explains.

Connected with this would be a
third change, a change in the style
used by individuals to express
knowledge. The working language
in some areas of science will be
taught in terms that are less am-
biguous for machine interpretation.
"Editors will demand it; libraries will
demand it; and people themselves
will want it, in order to make thal -
inforphation more readily useful,”
Dr. Kederberg says.

Less time will be spent getting
oxperts to explain what they know;

rather, experts will oversee the edi-

torial process involved in digesting
what s in the existing textooks,"
he continues. "Conversely, the
books will be written in a style that
makes them more compatible and
accessible to verification. We've

still got about 20 years until this

happens,” he believes, "but it cer-
tainly won't take a hundred.” Then
it will be possible to use the expert
as a catalyst and guide in the de-
velopment of intelligent computer
programs, rather than as the

LGP A o g—
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ganarator of information that goos
into the knowledge base, he adds

Through the expenience gained
in writing intelligent programs for
specialized arcas of gxpertise, Al
rosearchers hope&ashion more
general principles about intelh
gence. "We hope that by wiiting
programs able to do this kind of
reasoning we will undorstand more
about, and draw connections be-
tween, the loose associations and
judgmental knowledge that are

AP 2E \
codified in these programs,” Dr.
Buchanan says.

Dr. Feigenbaum concludes that it
is an article of faith, at the moment,
that such common principles can
be found. "We are all hoping that
research in Al will lead to a theory
of intelligence that will define in-
formation processing, whether that
processing is manifested in the
human brain or in silicon chips,
says. ‘

If such a theory is produced, it
will allow more rapid development
of Al applications and make these
programs much more effective in
the tasks they perform. Most likely
the scope of applications will also
be broadened, Dr. Feigenbaum

~

he

-

says. And thero will be o mayor
side baneht as well, |

“This knowlodge, vhich const
tutas the expertise of practice, can
then be pubhished i a new type of
textbook---a book that will contain
the 1ules of how knowledge is used
n a given field, not just facts,” he
says. "Such a development could
produce a revolution in education ”

i
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SUME X AIM 15 a nattonal com
puter system supported by the NIH
Oivigion of Research Besourees’
Biotechnology Hetources Pro
gram s dedicated to the promo
tion of artficial intelligence applica-
tions in biomedicine. The main
computing facilities and communi-
cation tools that allow access by
scientists around the countiy aie

located at Stanford Unlvusnly Med-

ical School.

The system is currently built
around a time-shared Digital
Equipment Corporation, d“g\l KI-10
computer, and the TENEX oﬁeml-
ing system. A small part of the
Rutgers Upiversity biomedical
computing resource (DEC 2050) is
also available for AIM use.

For the past 3 years of its 6-year
history, the SUMEX facilities have
been working at full capacity. Of«;‘
ten, demand for computation )é

has surpassed available sipp !'n

response, investigators on soma.
projects are sharing their comput-
ing loads between their own uni-
versity facilities and SUMEX.
Most, however, continue 1o use
the SUMEX computer through the

- commercial communication link’
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: ARPANEI‘ a complex w:3b of
" computer-telephone links that spans

the country from east to west coasts.

called TYNNE T Those projects

with funding from the Department

of Defense are able to use the de
partment’s networke ARPANL |

[ hrough these inks, distant inves-
tigators commumicate with cach
other and run programs on a
time-sharing basis.

When the SUME X-AIM system
began  TYMNE. T and ARPANE |
were the only existing means of
communication that allowed re-
mote computer links. Networks

such as TYMNET and ARPANET |

consist of a complex web of inter-
connections that span the country
from the east to the west coasts.
Terminal and other data communi-
cations are ielayed from point to
point along telephone lines: In-
creasingly, cross-oceanic com-
munication is available through
cables and satellite links as well.
As other systems of network com-
munications become available,
they may be tied into the SUMEX
system.

To complement electronic com-
munications, face-to-face contacts
within the community are-still
needed. These are provided
through annual workshops and in-
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dividual contacts National work
shops age organized under Dr,
Saul Amarel, chaimman of thre Rut
gers Umiversity computer science
department. They cover a broad

range of topics .and give inves- N

tigators from diverse disciplines, as

well as potential new users, a view

-of work in progress.

As applications become more

‘pracucal, the growing number of

users would swarpp the system’s
capacity it all attempted to use cur-
rent SUMEX facilities. To prevent
this potential problem, administra
tors are exploring several options.

\

They are trying to achiove a bal
ance among the tesearch mission
of SUMLE X AIM, the exp: indmng
community, and the need to exper
imant with the new Al programs
and to vahdato them in Ilw real
world. )

Through the use of a small com
< puter, catled the DEC 2020, admin
istrators hope that programs neatr-
ing evaluation stages can be
tested without disrupting on-going
research. The new computer will
be tethered to the main SUMEX
computing and network facilities
and can be scheduled for clinical

testing at times convement to col
lahorating physicians or other pro
lessional people

Use of this computer may also
serve as a model for providing
local computing support to projects
i the community. As computed
hardware prices continue to fall,
well-developed projects may soon
be able to obtain machines to sup
port their own work and relieve the
load on SUMEX, trecing computer
time for newer projects.

The SUMEX-AIM computer: a noW

- age began here.
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Appendix I

Manage\ment

N

r
I

i
/

SUME X AIM 15 situated within
the Stanford Medical School and
serves as the nocfeus for ana
Lonal commundy of bhiomedical Al
projects. User projects aro sepa
rately funded and independontly
managed. Thesa projects are
selected for access to SUME X fa-
aciliies on the basis of screntiie and
medical ment, as well as comnut
ment to forwarding Al techniques
among members of the SUMUX-
AIM community.

Dr. Edward Feigenbaum, chair-
man of the Stanford computer sci-
ence department, is principal in-
vestigator of SUMEX-AIM. Dr.
Stantey Cohen, chairman of the
department of genetics and previ-
ously an investigator on the
MYCIN project, provides coordina-
tion between Stanford Medical
School and the individual
SUMEX-AIM projects. Mr. Thomas
Rindtleisch manages the SUMEX
computing facility and its statf. Dr.
Elliott Levinthal serves as liaison
between SUMEX-AIM administra-
tors and the user community.

Computing time is divided
among three groups. Projects in
the Stanford Medical School re-
ceive 40 percent, as do those in
the national community. System
development work receives 20
percent. Individual projects receive
a negotiated share of the time
available to their respeclive com-
munities.

Several committees assist in the
management. Dr. Feigenbaum
consults with members of the Stan-
ford Community Advisory Commit-
tee when selecting and allocaling

~ facility use among in-house proj-

ects. _ )
For the national community, two

groups pl?/ complementary roles -

in agvising the principal in-
vestigator. The AIM executive
committee oversees operation of
the SUMEX resource as related to
national ugers and makes the final
decisions on project applications. It
establishes policies for allpcating
facility use among national projects
and approves plans to develop or
refine hardware and other tools
used by these projects. The com-
mittee supervises AIM activities,
-such as the workshop series cur-
rently under the ditection of Dr.
Saui AmaiWp! Rutgers Universit
Committee members also serve

Fs

. 2

v v
"

koy role m assessing the need tor
adddional AIM computing re
setrces andan deciding the heet
placement andidnggemoent per
sonnol for such new Yacilitos . »

Advising the executive comnut-
teois the AIM advisory group, -
which serves several functions, in-
cluding the rectutment of appro
priate projects. The group dissemi-
natos information ranging from
general overviews of SUMEX-AIM
to detailed guidelines for determin-
ing whaother a project is appropriate
for admission. Members are
selected to review specific propo-
sals tor new projects, according to
theigdicld of expertise. As a whole,
the group reviews and recom-
mends priorities for allocating facil-
Lly use among projects, and gener-
ales policies and goals for the re-
source.

Currept members of these vari-
ous commiltees are:

‘Stanford Advisory Group

Edward A. Feigenbaum, Ph.D.
Chairman

Department of Computer Science
Margaret Jacks Hall, Room 216
Stanford University

Stanford, California 94305

(415) 497~j079

Stanley N.!Cohen, M.D.

Department of- Genetics and

Division of Clinical Pharmacology,
Department of Medicine, L314
Stanford University Medical Center
Stanford, California 94305 Y

-(415) 497-5315

garl Djerassi, Ph.D.

epartment of Chemistry, Stauffer
1-106 ’

Stanford University

Stanford, Galifornia 94305

(415) 497-2783

Elliott C. Levinthal, Ph.D.
Department of Genetics, S047
Stanford University Medical Center
Stanford, California 94305

(415) 497-5813

AIM Executive Committee .

Joshua Lederberg, Ph.D.

(Chairman)

The Rockefeller University
1230 York Avenue

New York, New York 100271
(212) 360-1231 . :

71



Saul Amarel, Ph D

Department of Computer Saience

Hutgers University

New Brunswick, New Jeisoy
08903

(201) 932-35H46

William R Bake, Jr, Ph, l)
(Exocutye %mmtary) /
Biotaechnology Resources Program
National Institutes of Health
Building 31, Room 5B43

9000 Rockville Pike

Bethesda, Maryland 20205

(301) 496-54 11

"Stanley N. Cohen, M.D.

EdWmHTeIgenbaum, Ph.D.

Donald Lindberg, M.D.
(Adv Grp Member)
605 Lewis Hall
University of Missouri
Columbia, Missouri 65 201 /
(314) 882-6966 : .

Jack D. Myers, M.D.
School of Medicine
Scaife Hall, 1291

Univérsity of Pittsburgh

Pittsburgh, Pennsylvania 15261
(412) 624-2649

AIM Advisory Group
Donald Lindberg, M.D.
(Chairman)

Saul Amarel Ph.D.

William R. Baker, Jr., Ph.D. .
(Executive Soecretary)

Stanley N. Cohen, M.D.

Edward Feigenbaum, Ph.D.
tEx-officio)
Joshua Lederberg, Ph.D.

Marvin Minsky, Ph.D. .
Artificial Intelligence Laboratory

‘_ Massachusetts Institute of |

Technology
545 Technology Square
Cambridge, Massachusetts 02139
(617) 253-5864

Wiltam C. Mohler, M.D.

Division of Computer Research
and Technology .

National Institutes of Health

Building 12A, Room 3033

- 9000 Rockville Pike

Bethesda, Maryland 20205
(301) 496-1168

Jack D. Myers, M.D.

Stephen G. Pauker, M.D.
Depattment of Medlcme~—
Ca rdIO|Ogy o

. .

lufts, New Engl md Mvdu(ul Centen
Hos sprtal

71 Harson Avenuoe

Boston, Massachuselts 0y

(617) 956 H910

Haerbort A Simon, Ph D

Departmont of Psychology

- Baker Hall, 339

Cainegie-Mellon University
Schenley Park

Pittsburgh, Poimsylvm\lin 15213
(4112) 578-2787 or H78-2000
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Appendix il

¥

SUMEX-AIM
Directory
and
Project
Funding \

~

Usncrs may gamm accenn 1o
SUME X AIM as guests of estab
lished projects, as temporary pilot
projects, or as fully authorized e
search projects. M present, 16 ro-
search and 3 pilot projects ae ac
tive on SUMEX-AIM. Those n
terested in proposing additional
projects should contact Dr. Llliott
Levinthal at (415) 497-5813. Ques
tions about the SUME X fac ility and
its operation should®be directed to
Mr. Thomas Rindfleisch at (415)
497-5569. SUMEX staff can be
ctontacted by letter at: SUMEX
Computer Project, Room TB-105,
Stanford University Medical
Center, Stanford, California 94305.

A directory is provided for those
interested in contacting the princi-
pal investigators of specific proj-
ects/The date that each project
began on the system is noted in
the right column, adjacent to its
title. For those projects with co-
investigators, the investigator to
contact for additional information is
designated by an asterisk.

Support for-the computing facility
at Stanford and mgnagement of
SUMEX:AIMis s plied totally by
the Biotechnology R&sources Pro-
gram (BRP), Division of Research
Resources, NIH. Individual projectg
are-independently funded through.
NIH and other ageues as indi-
cated.

National AIM Projécts

1. Acquisition of Cognitlve

Procedures (ACT) 11/75

John Anderson, Ph.D; .

Department of Psyct®logy

Carnegie-Mellon University

Pittsburgh, Pennsylvania
15213

(412) 578-2788

" Funding: Office of Naval

Research _
2<Chemical Synthesis Project
(SECS) 9/75
W. Todd WipkeMPh.D.
Department of Chemistry
University ofyCalifornia
 Santa Cruz,}Cahforma 95064
(408) 429-2397 ‘
‘Funding: Biotechnology
Resources Program (BRP),
Division of Research
Resources, NI, 7
. National Cancer lnsttvmee
i NIH . - ‘ 7

4

Humian U ogition (GHIPH
Project) 12178
“Poeter G Polson, Ph D.
Walley Kintsch, Ph 1),
‘Computer Laboratory for
nstruction in Psycholoocal
Research (CLIPH)
Department of Psycholoqgy
University of Colorado
Boulder, Colorado 80302
(303) 492-69N1
Funding: Natlonal Institute of
Education
National Institute of Mental
Health, NIH
Office of Naval Research

4. Higher Mental Functions
Project
‘Kenneth M. Colby™W1.D.
* University of California
(UCLA)
Department of Psychiatry
NPI, Box 26 ]
760 Westwood Plaza
Los Angeles, California 90024
(213) B25-4626
Funding: National Science
Foundation, Division of
Computer Science/
Mathematics

. INTERNIST Project
Jack D. Myers, M.D.
*Harry E. Pople, Ph.D.
Decision Systems 1.aboratory
1360 Scaife Hall
University-of Pittsburgh
Pittsburgh, Pennsylvania
15261
(412) 624-2649
Funding: Bureau of Health
Resources Develepment, =
DHEW /
BRP, Division of Research
Résources, NIH

6. PUFF/VM: Biomedical
Knowledge Engineeringin .
Clinical Medicine 10/77.4

*John J. Osborn, M.D. '

The Institutes of Medical
Sciences

2200 Webster Street

San Francisco, Galifornia

- 94115 :

(415) 567-0900

Edward A. Feigenbaum,

Stanford University

Funding: National Institute of
General Medical Que'nu“‘

7. Rutgers Computers M
Biomedicine . - . »

10/73

0N

10/74

.




“
Departimoent of CGomyprate
*Kionce
Rutgers Univorsity
New Brunswick, New Jotsey
08903
(201) 932 3546
a* EXPERT AND
CASNET/Glaucoma
Casimir Kulikowski, Ph.D.
(201) 932-2006
Sholom Weiss, Ph.D.
(201) 932-2006
Funding: BRP, Division of
Heosearch Resources,
NIH

b, BELIEVER

Charles Schmidt, Ph.D.
(201) 932-2448
Funding: BRP, Division of
" Research Resources,
NIH

Simulation of Cognitive
Processes (SCP)

James G. Greeno, Ph.D.

*Alan M. Lesgold, Ph.D.

Learning Research &
Development Center

University of Pittsburgh

3939 O'Hara Street

Pittsburgh, Pennsylvania
15260

(412) 624-4901, 624-4862 .

Funding: Office of Naval
Research

National Science Foundation

National Institute of
Education

Advanced Research Projects
Agency (through Office of
Naval Research)

2/78

Stanford Projects -

1.

‘ H. Penny Nii

Al Handbook Project 4/77

Edward A. Feigenbaum,
Ph.D.

Department of Computer
Science

Margaret Jacks Hall, Room
216

Stanford University

Stanford, California 94305

. (415) 497-4079
- Funding: partial support from

the Advanced Research
- Projects Agency of the
Department of Defense

‘partial support from SUMEX

core research, BRP
Division of Ressearch -
Resources, NIH

.Attempt to Generalize

(AGE) 9/77

S

N

e e, arwas N g -

Depariment of Compule
Seidnce

Matgaret Jacks Hall, Hoom 216

Stanford University

Stanford, Calitornia 4305

(415) 497 1878

“‘Ldward A Heigenbaum Ph D,

Funding: SUMEX core
research, BRP Division of
Rosoarch Resources, NI

3. DENDRAL Project 10/73
*Carl Djerassi, Ph.D.
Department of Chemistiy
Stautfer Building 1, Room 106
Stanford University
Stantord, California 94305
(415) 497-2783
Edward A. Feigenbaum, Ph.D.
Funding: BRP, Division of

Research Resources, NIH

4. MOLGEN Project 9/76
"Laurence H. Kedes, M.D.
Veterans Administration

Hospital (151M)
3801 Miranda Avenue
Palo Alto, California 94304
(415) 497-5897
Edward A. Feigenbaum, Ph.D.
Douglas Lenat, Ph.D.
Fundnng National Science
f-oundation

5. MYCIN Project 10/73
*Bruce G. Buchanan, Ph.D.
Edward H. Shortliffe, M.D.,
Ph.D.

Department of Computer
Science

Margaret Jacks Hall, Room
238

Stanford University =~ .

- Stanford, California 94305
(415) 497-0935 '
Funding: EMYCIN funded by

the National Science

~ Foundation
GUIDON jointly funded by
» Office of Naval Research

and Advanced Research
Projects Agency

vy

Oncology study fundedrby the _

National Library of

Medicine o
6. Protein Structure _
. Project . .10/73
Edward A. Feigenbaum,
Ph.D.

*Robert Engelmore, Ph.D.
c/o ARPAIPTO  ~_~
1400 Wilson Boulevard B
Arlington, Virginia 22209 "
(202) 694-5037 «
Funding: National Sclence

Foundation T
74

\

7 H{X Projedd 1174

‘Hobort 1 Blum, M D

oo Wiederhaold

Department of Computer @
Scienco

M garet Jacks Hall, Boom
450A

Stanford Univuorsity

Stanford, Califorma 94304

(415) 497-6970

Fundmg: Pharmaceutical
Manufacturors’ Association
FFoundation

National Library of Medu ne

Pilot National AIM Projects

1. Communication

Enhancement Project 3/77

*John B. Eulenberg, Ph.D.

Carl V. Page

Department of Computer
Science

Michigan State University

East Lansing, Michigan
48824

(517) 353-0831

Funding: Wayne County

, etroit, Michigan)

2. “Computerized
Psychopharmacology
_ Advisor (HEADMED) 5/76
*Jon F. Heiser, M.D.
Ruven E. Brooks, Ph.D.
"~ Department of Psychiatry and
Behavioral Sciences
University of Texas Medical
Branch

Administrative Annex, 3rd
Floor

Galveston, Texas 77550

(713) 765-3219

Punding: University of Texas
Medical Branch at
Galveston

Anne R. Issler Endowment
‘Fund; University of
California at Irvine

Pilot Stanford Projects

1. Ultrasonic Imaging
Project . 11/78
W. Desmond McCallum, M.D.
*James Brinkley, M.D.
Department of Gynecology
and Obstetrics, A328
Stemford University Medical
Center
Stanford, California 94305
(415) 497-6175
Funding: National Institute qf
Child Health and Hurman
Development, NIH _




